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ABSTRACT 
Using several organic electron donor and electron acceptor materials, solution cast 
blend films were studied to better understand charge separation and excited state formation in 
thin films for organic solar cell applications. 
First, polyfluorene polymers were blended with a fullerene derivative to detennine 
the influence of polymer ionization potential on excited state formation and on solar cell 
device performance. Using several spectroscopic techniques, we find that the appearance of 
a low energy absorption feature in one blend film correlates to efficient photocurrent 
generation. Also, the energy of the charge transfer state (which is determined by the energy 
level alignment of the donor and acceptor) determines the energetic favorability of charge 
separation in polymer-fiillerene blend films studied in this work. 
Next, transient absorption spectroscopy (TAS) measurements were carried out on 
blend films of a range of polyfluorene polymers (with varying ionization potentials) which 
were blended with a soluble fullerene derivative in order to determine the excited state 
formation in the films. An energy threshold of the charge separated state formed in these 
blend films is determined: When charge separated states are below this threshold, charge 
separation occurs and when charge separated states are above this threshold, fullerene triplet 
formation occurs 
Finally, polyfluorene triarylamine copolymers were blended in solution with silole 
derivatives. Using time resolved and steady state spectroscopy, a long lived, red shifted 
emission was observed that has been attributed to exciplex formation. The energy of 
exciplex emission shifts according to the energy level alignment of the donor and acceptor 
materials. The lifetime of exciplex states, quantity of exciton recycling, and amount of 
charge separation in the blend films is influenced by the morphology of the blend film. 
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Chapter 1 
Introduction to charge separation in polymer blend films 
for organic solar cell applications 
T i INTRODUCTION AND MOTIVATION 
Photovoltaic solar energy has come to the forefront in the world energy dialogue 
over the past decade as oil prices continue to rise and international policies concerning 
climate change have captured the attention of the public. Today, the most efficient solar 
cells are made from silicon but require high temperature, high vacuum environments for 
wafer growth and cell fabrication. Although silicon cells can achieve efficiencies close to 
25% in laboratory environments, these photovoltaic devices are very expensive which 
makes them inaccessible for the average home owner and impractical as distributed 
energy sources in developing countries. It is not surprising, therefore, that photovoltaic 
solar energy only accounts for less than 0.1% of global energy supply [1]. While the 
solar energy industry has continued to grow steadily over the past decade, it is necessary 
for solar cell technology to become more cost effective and versatile before photovoltaics 
can significantly impact global energy consumption. One means to this end may lie in 
the rapidly developing field of organic photovoltaics. Organic materials offer many 
benefits over the current silicon technology. Since they can be cast from solution in 
ambient environments using established manufacturing techniques, like ink jet, screen, 
gravure, and contact printing, solar cells made from organic materials could be cost 
effective alternatives to inorganic solar power. Additionally, since organic photovoltaics 
have the potential to be fabricated on flexible substrates, their potential niche applications 
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are abundant, from charging packs for portable electronic devices to photovoltaic 
coatings on building materials that may achieve low cost, building integrated 
photovoltaic modules. 
Before all of the benefits of organic photovoltaics can be realized, great strides 
must be taken to better understand the fundamental material properties of organic 
semiconductors to further develop this technology. Currently, organic solar cells have 
been reported to achieve approximately 6% cell efficiency [2, 3]. This is quite an 
accomplishment considering that the best efficiency for organic photovoltaic devices was 
a mere 1% just over seven years ago. However, a better understanding of the materials 
used for organic photovoltaics on the nanoscale is vital to ensure technological 
advancement and eventual commercialization. 
Some of the challenges that must be overcome to ensure growth and development 
of the organic photovoltaic field are as follows[4]: 
1) Improving the light harvesting capabilities of organic films 
2) Maximizing the photocurrent generation in organic photovoltaics 
3) Improving the understanding of charge transport and charge separation in 
organic electronic devices 
4) Developing manufacturing processes for the polymeric materials used in 
organic electronic devices 
5) Furthering the understanding of device performance and stability in order to 
identify the limits to device performance 
The topic that this thesis addresses is the issue of charge separation in organic 
donor-acceptor blend films. Charge separation in organic materials is not clearly 
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understood, but is believed to be facilitated by the local electric field formed at the 
interface between an organic electron donor and an organic electron acceptor. 
Traditionally, the energy offset between the lowest unoccupied molecular orbitals 
(LUMOs) of the molecules was believed to be the driving force for charge separation. 
However, over the past few years, it has been shown that the potential step to drive 
charge separation is significantly larger than necessary and limits the available 
photo voltage for a given optical gap. Additionally, most attempts at varying the electron 
acceptor in order to optimize the energy supplied for charge separation and maximize 
device photovoltage have not resulted in efficient solar cells because short circuit current 
is often drastically reduced when the open circuit voltage is maximized. 
Therefore, the purpose of this work is to determine the energy offset required for 
charge separation, to understand the mechanism of charge separation in donor-acceptor 
blend films, and to use the results to suggest design rules for organic solar cells that will 
lead to improvements for future solar cell device development. 
Using a range of electron donor and electron acceptor materials with varying 
energy level alignments, the energy offset for charge separation is investigated. 
Spectroscopic techniques are used to study the excited states formed in donor-acceptor 
blend films, to probe the mechanisms of charge separation and to determine the dynamics 
of these processes. 
But before discussing the specifics about this work, it is necessary to give 
background about organic semiconductors and the field of organic photovoltaics. 
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1.2 PROPERTIES OF ORGANIC SEMICONDUCTORS 
1.2.1 SEMICONDUCTING ORGANIC MATERIALS 
Pochettino observed photoconductivity in the first organic, or carbon-containing, 
material in 1906 (anthracene) [1]. However, it took more than eighty years for organic 
semiconductors to be recognized as legitimate materials for next generation solar cell 
devices. Since the break-through heterojunction solar cell that consisted of an electron 
donor and electron acceptor in a bilayer structure[5], steady progress has been made to 
better understand Ti-conjugated organic electronic materials and use these polymers and 
small molecules for applications such as organic photovoltaics (PV) and light emitting 
diodes (LEDs). 
But what is it that gives organic materials their unique properties and 
semiconducting abilities? The answer is carbon bonding. The six electrons in the carbon 
atom are distributed such that two electrons occupy the Is orbital, two electrons occupy 
the 2s orbital, and two electrons occupy the Ip orbital. However, hybridization of these 
orbitals may result when one of the electrons from the 2s orbital is promoted to a l p 
level, leaving four partially filled orbitals in the molecule. Mixing of the wavefunctions 
of the s and p orbitals in different ways leads to sp", sp ,^ or sp^ hybrid orbitals. The first 
hybridization, sp', results in two sp orbitals and two p orbitals. This allows for triple 
bond formation between two carbon atoms. The sp^ hybridization results in four identical 
sp bonds that contribute to single bonds with other atoms. In sp^ hybridization, three sp 
orbitals and one p orbital are formed. This allows for double bonding between carbon 
atoms, also called it - bonding. There is significant delocalization of electrons in 7i -
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bonded systems, and materials with alternating single and double bonds in their structure 
are referred to as conjugated. It is the delocalization of electrons in these systems that is 
responsible for their semiconducting properties. 
Since semiconducting materials are of interest for this study, we will focus our 
attention on the sp^ hybridization discussed above. The electronic distribution of the k -
bond is located in two parallel planes above and behind the single bond. This is shown in 
Figure 1.1 (b). Therefore, the k - bonds are more spatially delocalized than single bonds, 
and thus, the energy difference between the ground state (tt) and the excited state (%*) is 
smaller. As the number of 7i - bonds (N) increases in a molecule, the optical or energy 
gap. Eg, or the energy difference between the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO), decreases (Figure 1.1 
(a)). Thus, as N increases, the 7i-bonding electron wavefunction can delocalize along the 
entire chain. This means that when an electron is promoted from a 7i to 7i* orbital, it can 
travel along the chain in directions indicated by the arrows in Figure 1.1(b). In this way, 
organic semiconductors can support an electric current, and since they have opto-
electronic properties similar to inorganic semiconductors, they can be used to fabricate 
devices such as organic PV and OLEDs. 
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Figure 1.1: (a) The energy difference between n and n* states decreases as the number (N) 
of double bonds increases typically up to 20 or 30 double bonds. This results in the band 
gap (Eg) between the HOMO and LUMO levels of the molecule, (b) The bonding in 
conjugated systems allows for delocalized 7r-orbitals which form above and below the <t-
bonds. This allows for electrons and holes to transport in the direction of the gray arrows 
in (b). 
Upon photoexcitation of a wavelength equal to or great than the energy gap, an 
electron is promoted from the HOMO to the LUMO and an empty space is left behind in 
the HOMO level which is called a hole. Coulombic attraction exists between the hole 
and the promoted electron and this state is called an exciton. The exciton binding energy 
in organic materials is typically very strong (0.3 - 0.5 eV) [6, 7] and the exciton is 
localized to a particular region of the organic material. 
Various types of excitons can be formed in thin films. Inorganic semiconductors 
typically yeild Mott-Wannier excitons. These excitons have a very small binding energy 
(-0.01 eV) and the electron and hole are highly delocalized, orbiting around their center 
of mass at relatively large distances from one another. Organic materials, instead, form 
highly localized excitons called Frenkel excitons. These electron-hole pairs are highly 
localized and have high binding energies (-0.3 eV). This makes charge separation harder 
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to achieve in organic semiconductors than in their inorganic counterparts. Another type 
of exciton found in organic materials is the charge-transfer (CT) exciton. The electron 
and hole in this type of exciton are located on neighboring molecules and have lower 
binding energies than Frenkel excitons. Therefore, CT excitons can be split into free 
charge carriers more easily than Frenkel excitons. Figure 1.2 depicts the three types of 
excitons; Mott-Warmier (a), Frenkel (b), and CT excitons (c). 
Figure 1.2: Visual representation of Mott-Wannier (a), Frenkel (b), and charge transfer (c) 
excitons 
Frenkel type excitons in fullerene films have been shown to exhibit weak 
absorption in the range from 1.6 - 2.2 eV [8, 9]. Recently, in films of a soluble fullerene 
derivative, CT excitons have also been shown to have an emissive feature which is 
distinct from those of the Frenkel excitons and emits at 2.5 eV [10]. These observations 
suggest that several types of excitons play a role in photoexcitations in organic materials 
although their exact contribution may not yet be fully understood. 
In addition to electrical properties, the optical properties of organic 
semiconductors are of the utmost importance. A schematic of absorption and emission of 
16 
organic semiconductors is shown in Figure 1.3. Absorption and emission occur to and 
from vibronic levels in the molecule's (or polymer's) electronic structure. According to 
the Frank-Condon principle, since electronic motions are orders of magnitude faster than 
nuclear motions, electronic transitions occur when the nuclear structure of the initial and 
final states are most similar[l 1]. Absorption will occur from the v = 0 ground state to 
excited states in the Si manifold (singlet states). All emission occurs from the v = 0 band 
of the excited state because relaxation from v 7^  0 states to v = 0 is very rapid. Ideally, the 
absorption and emission spectra are mirror images of one another for organic molecules. 
However, this means that the 0-0 transition does not occur at the same energy for 
absorption as it does for emission. The energy difference between the peak absorption 
and emission values in organic materials is called the Stokes shift. 
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Figure 1.3: Schematic of absorption (with extinction coefficient, e, fluorescence (Si- So), and 
phosphorescence (Ti - So) spectra. (Fluorescence and phosphorescence spectra are shown in 
gray.) The lower segments of the figure show the vibrational assignments of the optical 
transitions. This figure is converted from Reference [11]. 
There are two types of emission; fluorescence (S i -So) and phosphorescence (T,-
So). Due to spin conservation rules, phosphorescence is not typically an allowed 
transition in organic materials. It does occur in cases where the ground state of the 
molecule is a triplet or when molecules contain heavy elements which have allowed 
triplet transitions due to spin-orbit coupling (such as iridium complexes). Fluorescence 
and phosphorescence will be discussed in greater detail in the next section. 
In the case of conjugated polymers, the absorption spectrum tends to be very 
broad and shows few vibronic peaks. The same often occurs for emission spectra of 
polymers. Broad polymer absorption and emission occurs due to energetic disorder of 
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the excited states and the variabiHty of sample morphology. Since individual excited 
states are localized, it has been proposed that there is a Gaussian distribution of localized 
states in polymer films rather than a continuous LUMO level. If this is in fact the case, 
excitons would be forced to hop between localized excited states until the lowest possible 
energy state was reached. 
Additionally, morphology has been shown to influence the absorption and 
emission spectra in polymer films. When some polymer films are annealed [12] or are 
processed in ways that increase their long range order (rubbed PFO or beta-phase PFO) 
vibronic bands become more pronounced in the absorption and emission spectra. This 
shows the importance of intermolecular interactions on optical transitions in solid state 
organic films. 
1.2.2 EXCITED STATES 
In addition to exciton formation in organic films, a more detailed description of 
other excited states formed in organic materials is critical to provide adequate 
background for the discussions in this work. The states of greatest importance in organic 
materials are singlet and triplet excitons, polarons, and excited state complexes (excimers 
and exciplexes). 
1.2.2.1 Singlets and Triplets 
Singlet excited states are the result of an electron being excited from the HOMO 
to LUMO level of the material. There is no change in spin of the excited electron in 
singlet excitations. When emission occurs due to the decay from one singlet state to 
another it is called fluorescence. Fluorescence is an allowed transition and usually occurs 
on time scales of nanoseconds or fractions of nanoseconds [13]. In many types of 
organic solid films used for LED applications, fluorescence occurs with a high quantum 
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yield which is defined as the number of emitted quanta divided by the number of 
absorbed quanta. If there are no processes that compete with emission, such as excitation 
energy being converted into vibrational or rotational motions in the molecule or other 
non-radiative states, the quantum yield is 1. Radiative decay may also occur from excited 
triplet states in organic solids, which are states with a spin quantum number equal to 1. 
This radiative decay is called phosphorescence. The transition from excited triplet states 
to the ground state is a forbidden process because this transition requires a spin flip in 
order to radiatively decay to the ground. The typically long decay time for 
phosphorescence, which ranges from microseconds to seconds, reflects the forbidden 
nature of the optical transition. The main factor in molecular physics which allows 
transitions from triplet states to the ground state is spin-orbit coupling. In the presence of 
a heavy atom, a spin flip can be facilitated, which then may be followed by radiative 
fransition. This process often occurs non-radiatively in molecular physics and is called 
intersystem crossing. 
1.2.2.2 Polarons 
Polarons are formed upon photoexcitation when an elecfron-hole pair is 
sufficiently separated so that it does not interact to form an exciton. Charge separation 
can occur by several mechanisms: either the electron and hole can localize on different 
chains of the polymer, the electron or hole may be captured by a defect in the polymer 
chain which will lower the energy state of the charge carrier, or free charges can be 
infroduced into the system from conducting materials that are in contact with the organic 
semiconductor. The addition of this charge to the polymer chain will cause the entire 
chain to deform to a state of lower energy. This species formed through charge 
delocalization coupled with polymer deformation is called a polaron; P- or P+ depending 
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on the charge of the carrier. This polaron is able to drift along the polymer chain. In the 
presence of an electric field, the movement of a polaron through the material occurs due 
to an intermolecular hopping mechanism and is a means of charge transport in molecular 
films. Polarons in organic donor-acceptor blend films can be detected optically using 
transient absorption spectroscopy techniques [14]. In this way, the decay kinetics of 
polarons can be measured and variations of polaron recombination due to film fabrication 
and external factors, such as pump beam intensity, can be studied. 
1.2.2.3 Excimers 
Excimers are defined as excited state complexes formed between the ground and 
excited states of chemically identical molecules to form a more stable, longer-lived, 
emissive state[15]. Spectroscopically, excimers are identified by a red-shifted, structure-
less emission feature in the fluorescence spectrum of concentrated solutions that has no 
corresponding absorption component. Jenekhe et al. have shown that the 
photoluminescence quantum efficiency (PLQE) of conjugated polymers in solution 
decreases with an increase in polymer concentration because of self-quenching 
experienced due to excimer formation in polybenzobisoxazole, polybenxobisthiaazole, 
and poly (benzomidazolebenzophenanthroline ladder) [16]. However, since this work 
focuses on the study of donor-acceptor blend films, most of our discussion of excited 
state complexes will focus on the state called the exciplex. 
1.2.2.4 Exciplexes 
Similar to excimers, exciplexes are defined as excited state complexes formed 
between an excited and neutral state in organic materials. Unlike excimers, however, 
exciplexes are formed between two chemically different organic chromophores. 
Exciplexes are typically radiatively active and are observed as a red-shifted, broad, 
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emission band in the fluorescence spectrum. Some argue that exciplex states have no 
corresponding ground state absorption feature and exist only in the excited state [11], but 
others observe corresponding absorption features when exciplex-like emission features 
are detected in donor-acceptor blend films [17, 18]. Chronologically, excimer emission 
was observed first by the scientific community and therefore it was not surprising to find 
that so called 'hetero-excimers' or exciplexes could form between dissimilar molecules 
[15]. What was surprising, however, was that exciplex emission was observed between 
materials that were as chemically dissimilar as perylene and dimethylaniline [15, 19]. 
From this observation, it became clear that exciplexes are not stabilized by resonance 
interactions. Instead, the emissive exciplex feature was interpreted as a charge transfer 
complex which is stabilized by electron transfer between the donor and acceptor [15]. 
The lifetime of exciplex emission tends to be significantly longer than singlet emission of 
the blend components due to charge transfer interactions that stabilize this state. Since 
exciplex formation has been observed in several donor-acceptor blends in liquid [19] and 
solid [20-22] phases, they are likely to be relevant to donor-acceptor blend systems. 
Since the distance between exciplex components is believed to be critical for 
exciplex formation, these excited state complexes can be understood theoretically by 
considering the simple theory of molecular orbital interactions for a collision pair of two 
different molecular components. As two components collide, the main electronic 
interactions will be between the HOMOs and LUMOs of the donor (D) and acceptor (A). 
This will result in the formation of two new HOMOs of the exciplex and two new 
LUMOs of the exciplex. According to perturbation theory, one of the new HOMOs and 
LUMOs will be above the original molecular orbital level and the other will be below the 
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original. For a simple collision complex, two electrons will be stabilized and two will be 
destabilized in the complex molecule, resulting in a net stabilization of zero. However, 
since an exciplex is a collision complex where one of the components is in an excited 
state, three electrons are stabilized and only one is destabilized - making the exciplex a 
stable complex in the excited state[ll]. 
While exciplexes have been studied for almost half a century, the scientific 
community has yet to clearly define what is and what is not considered exciplex behavior. 
Even though it gets its name from an exciitd state complex, some assert that exciplexes 
have a ground state counterpart in charge transfer complexes due to the significant charge 
transfer character of the exciplex itself [18]. Others assert that exciplexes are only stable 
in the excited state, and if they do have a corresponding ground state feature, it is a very 
unstable, low structured species which is unlikely to be observed spectroscopically [11, 
23-25], In the exploration of exciplexes in this study, we will explore the existence of 
ground state absorption features that relate to exciplex emission in donor-acceptor blend 
films. 
Exciplexes have been shown to have an energy that is approximately equal to the 
difference between the ionization potential of the donor and the electron affinity of the 
acceptor minus a constant of 0.15 eV [26]. This empirical relationship holds true for 
exciplexes formed in over fifty donor-acceptor complexes examined in solution [26] and 
several exciplexes formed in solid phases[21, 27]. Thus, the exciplex emission energy 
can be tuned through the choice of donor and acceptor. 
The recent study of exciplexes is extensive and will be reviewed briefly in the 
following paragraphs. 
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Exciplexes exhibit some favorable qualities in organic donor acceptor systems. 
As mentioned above, the wavelength of exciplex emission can be tuned according to the 
energy levels of the blend materials. This could be very useful for organic light emitting 
diode applications. In fact, some groups have made LEDs that exploit exciplex emission 
in bilayer and bulk hetero-junction films[21, 28] to achieve broad spectral coverage of the 
visible spectrum, facilitating the fabrication of white light emitting LEDs. Also, some 
exciplexes formed in bilayer films of polybenzobisoxazole, polybenxobisthiaazole, and 
poly (benzomidazolebenzophenanthroline ladder) polymers with tris (p-tolyl) amine 
acceptor were found to emit with a much greater photoluminescence quantum efficiency 
than either of the pristine materials in the donor-acceptor system[16]. This has been 
shown in other material systems as well [21] and indicates that exciplexes can also be 
exploited to enhance fluorescence emission in light emitting devices. 
Exciplex formation can also have detrimental effects in organic electronic 
devices. Exciplex formation has been observed in several conjugated polymer blend 
LED [23, 24, 29] and OPV [30] devices made from bulk hetero-junction structures as 
well as LEDs made fi-om polymer-polymer bilayers [31-35]. These studies show that 
exciplex formation results in loss pathways which prevent efficient charge separation in 
organic donor-acceptor blend films and also can limit recombination efficiency in some 
blend films. For instance, Offermans et al have shown that that loss channels, such as 
triplet state formation, may be facilitated by exciplex states [20]. In this work, triplet 
yield of the electron donor increased as exciplexes are dissociated which hinders solar 
cell device efficiency. Therefore, on the surface, it may seem that exciplex formation 
should just be avoided at all costs, particularly in the field of organic solar cells. 
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However, given the prevalence of exciplex formation in donor-acceptor blend films, a 
more complete understanding of exciplex states is necessary in order to control and 
manipulate charge separation. 
Blend films of several polyfluorene polymers have been studied extensively by 
Morteani et al and have been shown to exhibit exciplex formation. Interestingly, delayed 
fluorescence of the electron acceptor is observed in polymer bliayers [32] and polymer 
blend films [22] in Morteani et al's work. This finding indicates that a back transfer 
process fi-om the exciplex state is responsible for the delayed singlet decay. This delayed 
fluorescence of 'recycled' excitons increases with increasing temperature [22, 24, 32] and 
conversely, the spectral contribution of the recycled exciton can be effectively frozen out 
of the system at low temperatures. This indicates that the kinetic relationship between the 
exciplex and singlet excitons is strongly influenced by temperature. Additionally, 
Morteani et al show that, at very low temperature (43 K), the electroluminescence 
emission shifts from 'pure' exciplex emission to combined emission from the exciplex 
and from donor and acceptor excitons when the electric field is increased [32]. This 
indicates that at higher driving voltages, injected charges may escape from interfacial 
recombination zones (exciplexes) and recombine in the bulk film as donor or acceptor 
excitons [32]. 
The poly-phenylene-vinylene (PPV) family of polymers have been known to 
make efficient solar cells when blended with fullerene derivatives [36] and they also 
exhibit exciplex formation in PPV polymer blend films [37, 38]. When PPV polymer 
blend films are annealed, exciplex emission is significantly reduced and solar cell 
performance increases. This indicates that exciplex formation and the negative influence 
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it has on charge separation in donor acceptor blend films is influenced by the morphology 
of the film [37, 38], Better understanding of the relationship between the donor-acceptor 
interface and exciplex formation, along with thermodynamic characteristics, will 
potentially allow exciplexes to be manipulated to improve charge separation efficiency. 
1.3 ORGANIC PHOTOVOLTAICS 
i .q . i BASIC CONCEPTS 
Organic solar cells, while analogous to their inorganic counterparts in many ways, 
have optical and electric properties that are unique to organic materials and set the field 
of organic solar cells apart from conventional solar cell research. In order to offer a basis 
for comparison of inorganic and organic solar cells. Table 1.1 gives a brief description of 
silicon solar cells and organic solar cells with regard to certain areas of research. In the 
next section, an explanation of the design and function of organic solar cells will be given 
with brief comparisons to inorganic solar cell devices. For solar cells, the following 
issues which are relevant for efficient performance, will be addressed: (1) light 
harvesting, (2) charge separation, (3) charge transport, and (4) durability in ambient 
conditions. 
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Table 1.1: Comparison of the properties of inorganic and organic solar cells 
Property Inorganic Solar Cells Organic Solar Cells 
History 
First silicon solar cell 
developed in 1954 with 6% 
power conversion 
efficiency[39]; Present day 
efficiencies are near 
25 %[40]. 
First donor-acceptor solar 
cell developed in 1986[5]; 
Efficiency breakthroughs 
in 2000 and 2001 [36, 41] 
achieving power 
conversion efficiencies 
around 2.5%. Best cell 
efficiencies now exceed 
5%r2, 3]. 
Light Absorpt ion Band gap of silicon is 1.1 eV Band gaps of 1.7-2.1 eV 
Charge Separat ion Exciton binding energy 
~ ImeV 
Exciton binding energy 
-300 meV 
Mobil i t ies / 
Charge Transport 
Band structure with valence 
and conduction bands -
separation of charges is 
directional and easy to 
accomplish within cell 
Highly localized charges 
require transport to occur 
via a 'hopping' 
mechanism between 
molecular locations 
Durability in ambient 
a tmosphere 
Crystalline silicon solar cells 
have warranties from 20 yrs 
to lifetime while thin film 
inorganic solar cells have 
warranties given for 
approximately 2-5 years. 
Organic solar cells require 
encapsulation because 
their efficiency is 
drastically reduced in the 
presence of oxygen and 
water; encapsulated 
devices can last over 1000 
hours[42] 
1.3.1.1 Light Harvesting 
First, in order to enhance photovoltaic performance, solar cell devices must 
maximize the amount of light absorbed from the sun in relevant areas of the solar 
emission spectrum. As seen in Figure 1.4, the maximum in the solar photon flux 
spectrum is bebveen 600 and 900 nm. (The negative spikes at 900 nm and 1200 nm are 
due to absorption of light by atmospheric water vapor.) Therefore, solar cells should 
have maximum absorption in the range from 600 nm to 900 nm in order to optimize 
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performance. For a single band gap device, efficiency is maximized for Eg equal to 
approximately 1.4 eV [39]. Silicon, with an indirect band gap of 1.1 eV, absorbs well 
over the entire visible and infirared portions of the spectrum. The maximum theoretical 
efficiency for silicon with a band gap of 1.1 eV is ~ 29%, so considering the current 
efficiencies of crystalline silicon solar cells (24%), silicon solar cells are very close to 
optimum. 
5x1 
<' 4x10^®-
10 .03 
E 3x10' -
c 
Li- 2x10 -
CL 1x10 
1 0 CD 
300 400 500 600 700 800 900100011001200 
wavelength (nm) 
Figure 1.4: Solar photon flux density at AM 1.5 (thicit black line) with the absorption 
coefficient of Silicon (black thin line) [39] and the absorption coefficient of a semiconducting 
polymer film of MDMO-PPV. 
Organic polymers and small molecules have band gaps that are significantly larger than 
the optimum (1.8-3.2 eV) and tend to have maximum absorption bands between 350 
and 700 nm. Since the absorption profile of organic semiconductors is significantly 
narrower than that of sihcon (as seen in Figure 1.5), light absorption remains an obvious 
area of improvement for OPV devices. The absorption coefficients of silicon and a 
conducting polymer, MDMO-PPV, are compared in Figure 1.4. It should be noted that 
while pristine polymers, such as MDMO-PPV, have reasonable absorption coefficients 
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on their own, they are always used in blend films to make devices and the blending of the 
two components significantly reduces the absorption near the maximum wavelength of 
polymer absorption. 
1.3.1.2 Charge Separation 
After maximizing the light absorbed in the organic layer, efficient charge 
separation must take place to create free charge carriers that can be collected at the 
electrodes of the cell. The greatest difference between charge separation in organic and 
inorganic materials is the exciton binding energy in these two very different material 
classes. Exciton binding energies in inorganic materials are on the order of 1 meV. This 
energy is easily overcome by thermal excitation (kT == 25 meV) which leads to fi-ee 
charge carriers in the material which can easily travel to their respective electrodes 
through the conduction or valence band of the material. Organic solar cells, however, 
have exciton binding energies on the order of 100 meV. In order to produce separated 
charges, the exciton must receive energy greater than or equal to the exciton binding 
energy. This is unlikely to happen through thermal processes, however, it could happen 
by the donation of one or other charge to a second material where the charge is stabilized. 
In single component organic sandwich cells, studied in the 1970s and 1980s, the only 
location at which charge separation could take place was at the organic/metal interfaces 
formed near the electrodes. In this way, excitons formed in the bulk of the film were lost 
because they were not able to diffuse to the electrodes for exciton dissociation and had no 
other means for creating free charges from the bound exciton. In contrast, bilayers or 
blends of organic donor and acceptor components enable exciton dissociation at the 
donor-acceptor interface and have proven to be the most efficient means of fabricating 
organic solar cells[2, 5]. A local free energy step is created at the interface between the 
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donor and acceptor material and provides a means for charge separation. 
Several theories have been proposed to explain charge separation in organic 
materials and in blends of organic donor and acceptor components specifically. These 
will be addressed further in section 1.5. 
1.3.1.3 Charge Transport 
Organic materials tend to have charge mobilities ranging from 10"^  to 1 cm^A^s. 
Except for highly ordered molecular films, with high mobilities, charge transport is 
believed to occur via a thermally activated hopping process between localized states in 
organic films. Mobility is almost always electric field dependent such that it follows the 
Poole-Frenkel behavior where mobility increases with increasing electric field. The 
density of states of charge carriers in organic materials is believed to be a Gaussian 
distribution about the LUMO and HOMO through which electrons and holes 
(respectively) hop for charges to travel through the material. Several models of charge 
transport have been developed over the years taking this Gaussian distribution of states 
into account. The Gaussian disorder model, introduced by Bassler [43], assumes that 
transport occurs through random hopping events to and from localized states, which 
themselves have variations in their orientation and separation from one another. This 
model is very good in predicting transport in organic materials, but only is accurate for a 
limited range of high electric fields [44]. The correlated disorder model expands 
Bassler's work to a 3D model of a lattice with uniform cell spacing whose energy 
distribution of hopping sites is determined by placing an independent and randomly 
oriented dipole moment at each lattice site[44]. Using this model, Poole-Frenkel 
behavior of charge transport is observed over a wide range of electric fields. 
Several charge transport measurements are used to determine the mobility of 
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organic materials, including time of flight (TOP) and dark injection measurements. From 
these experimental techniques, some material parameters and design considerations that 
can lead to improved charge transport characteristics have been determined. For 
instance, in certain polymer-fullerene solar cells, short circuit current was shown to 
increase with the regioregularity of the polymer[12]. This increased photocurrent was 
shown to be due in part to increased charge transport in the blend. Additionally, mobility 
has been correlated to device performance for a series of polythiophene materials with 
varying molecular weights[45]. In order to improve the performance of organic solar 
cells, it is essential to balance electron and hole mobility in the film so that space charge 
build-up does not distort the electric field within the active layer. Several research efforts 
are underway to balance charge transport in the active layers of organic solar cells. They 
include [4]: 
> The development of new polymeric materials with improved charge mobilities 
> The use of discotic liquid crystals has been employed due to their high mobilities 
and potential for self-organization [46, 47] 
> The development of polymer brushes for good directional transport of charges 
> The implementation of inorganic nanocrystalline materials in the active layers of 
organic PV devices as electron acceptors [48, 49]. 
> The use of carbon nanotubes in organic solar cells due to their high mobilities. 
However, in this effort, fabrication of devices remains a challenge because most 
devices exhibit shunt losses[50]. 
Recombination is intimately linked to charge transport in organic materials, and 
has been studied using spectroscopic methods. Work by Nogueria et al has shown that 
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some polymer/fullerene films exhibit an intensity dependent, fast recombination phase 
followed by an intensity independent slow recombination phase[14]. This has been 
described as a fast recombination of 'fi-ee charges' that exceed the trap density of the film 
followed by the slow recombination of trapped charges from deep trap states. This shows 
that the density of trap states in donor-acceptor blend films has a clear influence on 
recombination. 
1.3.1.4 Degradation 
Finally, and perhaps most vital to the development of organic solar cells devices, 
is the study of the degradation of these donor-acceptor blend films in ambient 
environments. The polymers and small molecules that are most often used for organic 
solar cell devices tend to be very sensitive to water, oxygen, and exposure to visible light. 
This is a rather considerable mark against organic materials in their quest to become 
marketable solar energy materials! However, significant effort has been made to 
determine ways of mitigating degradation and to understand the degradation processes at 
work when organic photovoltaic materials operate in working conditions. 
The types of degradation that can be experienced in organic electronic devices are 
three-fold: 1) degradation of the conductive properties at the interfaces of organic devices 
2) mechanical degradation of the film, due to morphological changes that may influence 
of the interface between donor and acceptor in the film, and 3) photo-oxidation of the 
organic material which leads to irreversible decline of light absorbing and charge 
transport properties due to loss in conjugation length. 
First, studies of encapsulated and non-encapsulated devices have shown that main 
reason for degradation in device structures was the increased resistance of the organic 
hole conducting layer (PEDOT:PSS) due to water absorption even in the dark [51]. This 
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shows that interfacial layer stability is critical for solar cell device performance, but the 
choice of electrodes can always be modified to avoid unfavorable characteristics of 
materials like PEDOT:PSS for example. Second, the mechanical stability of donor-
acceptor solar cells has been shown to degrade over time using photocurrent imaging 
techniques [52]. As the materials degrade, the homogeneity of the photocurrent 
generation across the cell is reduced to islands of localized photocurrent generation in the 
cell. Therefore, the reduction of efficiency is shown to relate to morphological changes 
between the donor and acceptor components that occur over time. Finally, the photo-
oxidation of the organic materials is a factor that has begged for more complete study of 
the years. It has been shown that the main characteristic of decreased efficiency in photo-
oxidation studies (over 20 hours illumination in a 20% 0% environment) in organic solar 
cells is the reduction of current density in the device [53]. Using pump-probe techniques, 
the reduced current generation was shown to be caused by an increased trap density and 
an extended tail of trap states that were formed in the polymer during the photo-oxidation 
process. These trap states lead to faster recombination kinetics in the degraded film 
which is correlated to the reduction in photocurrent generation. 
While no one method has been shown to counter the effects of device instability 
in ambient atmospheres, several attempts show promise for future development of 
organic solar cells. One method of improving device stability has been to vary the 
architecture of organic solar cell devices and include a TiOi blocking layer between the 
active layer and the cathode to improve device lifetime[54]. Additionally, encapsulation 
of devices under glass has been shown to create devices with lifetimes of over 1000 hours 
[42]. As well as varying the device architecture, modifications of active layer materials, 
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such as implementation of polymers with high glass transition temperatures [55] and with 
cross linking components to improve rigidity [56], show initial promise in improving the 
overall stabiUty of polymer solar cell devices. However, this work is ongoing and 
requires further study to accurately define what methods will extend device lifetime most 
effectively. 
1.^.2 DEVICE PROPERTIES AND PARAMETERS 
Photovoltaic devices are described and compared in terms of their current-voltage 
characteristics, power conversion efficiency (PCE), and quantum efficiency (QE). 
In order to understand the current-voltage characteristics of solar cell devices, it is 
necessary to model the electrical circuit of the device, complete with descriptions of 
electrical loss mechanisms. Figure 1.5 depicts the equivalent circuit diagram which is 
commonly used to model the performance of solar cell devices. Although this circuit has 
been developed for inorganic solar cells and does not necessarily describe organic 
devices accurately, it is a useful tool to characterize device performance. This circuit 
consists of a current source in parallel with a diode (together representing the solar cell), 
a series resistance (Rs) and a shunt resistance (RSH)-
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Active Layer 
Figure 1.5 Equivalent Circuit for solar cell devices 
For ideal solar cells, Rs = 0 and Rsh = w and therefore the current density, J, can 
be written as seen in Equation 1.1. 
J = Jn •J sc 
(1.1) 
where J is the current density, Jo is a constant, V is the voltage, and Jsc is the short circuit 
current. In practice, organic solar cells do not function as ideal diodes and are affected 
by series and shunt resistance effects. The physical causes of series resistance in organic 
solar cells include resistance to current flow in low mobility organic materials, resistance 
in the transparent electrodes, and contact resistances. Shunt resistance or charge leakage 
can arise when the donor and acceptor components of the active layer are both in contact 
with the cathode of the device. Shunt and series resistances can be recognized in the J-V 
characteristics of the solar cell. A large series resistance results in a noticeable linear 
curve at high forward bias where the current through the diode should be increasing 
exponentially with voltage. This is shown in Figure 1.6 (a). Shunt resistance arises due 
to leakage pathways for the current through the organic device which may be due to 
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insufficiently selected electrodes or to short circuits where one material fomis a 
percolation pathway such that it is in contact with both electrodes. Bias dependent charge 
carrier recombination can also lead to effects resembling shunt losses. The effects of 
shunting can be seen when there is a non-zero slope of the cuiTent-voltage cui-ve near 
zero voltage since shunting results in larger currents in reverse bias. This effect is 
depicted in Figure 1.6 (b). 
(a) (b) 
/ 
V- V-
Figure 1.6 Examples of (a) high series resistance and (b) low shunt resistance as evidenced 
from the current-voltage curves of organic solar cells with the structure ITO/PEDOT:PSS/ 
1:4 TFMO:PCBM /Aluminium. 
A typical current density-voltage graph under illumination is shown in Figure 1.7. From 
the information in Figure 1.7, a number of important parameters can be derived that 
describe the performance of the solar cell. These parameters are short circuit density, Jsc, 
open circuit voltage, VQC, power conversion efficiency (PCE) and fill factor (FF). 
36 
J . K 
/ V O C \ 
J s c 1 ( V M , J M ) 
Figure 1.7: Typical current density-Voltage characteristic for solar cell devices under 
illumination 
The power conversion efficiency of a solar cell device is the ratio of power output to 
power input as seen in Equation (1.2). 
rj = X100% 
Power, (1.2) 
From Figure 1.7, the maximum output power is calculated by multiplying the cunent 
density, Jm, and voltage, Vm, at maximum power. Thus, Equation (1.2) can be written as 
is shown in Equation (1.3). 
J V 
- xlOO% 
(1.3) 
1 = 
Related to the efficiency of the device is a term called the fill factor (FF). The numerical 
value of the fill factor gives an estimate of the quality of the J-V cui^ ve without having to 
view the curve itself. A high fill factor indicates that there is a 'square' curve with low 
series resistance and high shunt resistance. The fill factor is calculated using Equation 
(1.4). 
(1.4) 
FF^ 
'^SC ^ oc 
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By substitution, Equation (1.3) can now be written as follows; 
77= xlOO% 
Powarbowa,, (1.5) 
It is often necessary to determine the efficiency of a device at monochromatic light 
intensity. For this purpose, the power conversion efficiency is described by Equation 
(1.6) where Power(X) represents the incident light intensity at the monochromatic 
wavelength of interest. 
Incident (% &) 
The quantum efficiency spectrum is another important function which describes organic 
solar cell performance. Quantum efficiency can be of two types, external quantum 
efficiency (EQE) and internal quantum efficiency (IQE). EQE is defined as the flux of 
electrons generating photocurrent in the external circuit (fe) divided by the flux of 
photons at a given wavelength, 1, incident on the device (fh) as shown in Equation (1.7). 
(17) 
A W 
The flux density of incident photons per unit area = where Eph is the energy of a 
_ he 
^ pfj — p. iPi\ 
photon and can be written as ^ and ^ Ms the total incident power per unit 
area of incident light at wavelength X. 
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J sc 
Flux density of electrons in the external circuit per unit area = ^ at short circuit. 
Therefore, EQE can be written as follows: 
EOEU) = = 1240(jC"'nw)/ ) 
{X) eX P.^ [m Wcm~^ )x{nm) (1.8) 
The incident power per unit area at a given wavelength can be determined by monitoring 
the photocurrent density of a calibrated (usually silicon) photodiode and dividing the 
current by the known spectral response (SR) of the photodiode at that wavelength. This 
equation is shown below. 
(1.9) 
P,,(>•) = 
SRsM) 
By substitution, EQE can be described using Equation (1.10). 
^ 6 4 4 = sc 
J 
J sc / • » 
J SC 
(1.10) 
Internal quantum efficiency (IQE) is the ratio of the flux of electrons collected in the 
external circuit to the flux of absorbed photons at a particular wavelength. Assuming that 
the absorption at non-active layers is negligible, IQE can be written for wavelength X as 
follows. 
(1.11) 
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In Equation (1.11), R and T represent the fraction of light reflected and transmitted from 
the device respectively. 
1..^..^ DESIGN AND FUNCTION OF ORGANIC SOLAR CELLS 
The original homo-juntion organic solar cells, vi^ ith single layer of organic 
materials sandwiched between electrodes, produced power conversion efficiencies of less 
than 0.1% [57]. In the past decade, organic solar cell quantum efficiencies have 
increased remarkably due to a better understanding of the physics behind charge transfer 
and recombination in organic photovoltaics devices. 
The details of the physical processes important for solar cell applications differ 
slightly according to the type of organic solar cell that is being studied. For this reason, 
the different types of organic solar cells will be explained briefly. For each type of 
technology, recent developments and drawbacks of the solar cell architecture will be 
discussed. Special attention will be paid to molecular film and polymer solar cells as 
they are the types of devices most relevant to this study. 
The main types of organic solar cells that are being investigated presently can be 
divided into four main categories: 
(1) Dye sensitized solar cells 
(2) Hybrid nanocrystal/polymer solar cells 
(3) Molecular film solar cells 
(4) Polymer solar cells 
1.3.3.1 Dve-Sensitized Solar Cells 
Dye-sensitized solar cells (DSSC) are some of the most efficient organic solar 
cells to date with power conversion efficiencies up to 10-11%. These cells consist of a 
thin layer of nanoparticles onto which dyes have been adsorbed. The 'dye-sensitized' 
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particles are surrounded by an electrolyte, typically iodine. For the cells to function, the 
dyes absorb light. This triggers a photoexcitation which leads to electron injection into 
the nanoparticles and dye-recharging via the redox electrolyte. Electrons are transported 
to the front contact which usually consists of a transparent conductive oxide layer (TCO). 
A schematic of dye-sensitized solar cells can be seen in Figure 1.8. 
1 1 light J l 
TiO^ iniith 
adsorbed 
dye 
10-20 pm 
electrolyte 
t K 
Figure 1.8: Schematic diagram of dye-sensitized solar cell consisting of Ti02 nanoparticles 
with adsorbed dye and iodine electrolyte [58]. 
While dye-sensitized cells are still of great interest, the use of the electrolyte is a 
disadvantage for several reasons. First, encapsulation is required to prevent evaporation 
of the electrolyte. This adds cost to overall device fabrication. Also, care must be taken 
to control the aggressive redox system which is integral to device perfomiance. Recent 
research has been conducted to make DSSCs with solid state electrolytes in order to 
produce cells which would be more stable for commercial applications. However, these 
cells produce relatively poor efficiencies due to the comparatively low hole mobilities of 
solid state hole transporters versus liquid electrolytes. Cao et al. [59] produced solid state 
dye sensitized solar cells with power conversion efficiencies ranging from 3-5% in 1995. 
These cells had open circuit voltages and fill factors that were very similar to cells that 
implemented liquid electrolytes, but the photo generated current was significantly 
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smaller. Several other studies of solid state dye sensitized solar cells have been 
conducted by the group of M. Gratzel. This work showed that the pore-filling of the hole 
transporter was of great importance for improved solid state DSSC cell efficiency [60] 
and that the addition of lithium triflate to the hole transporting layer in solid state DSSC 
improves the performance of cells by reducing interfacial charge recombination [61]. In 
the aforementioned studies, the maximum power conversion efficiencies of the devices 
were approximately 4% and were achieved using 2,2',7,7'-tetrakis(N,N'-di-
methoxyphenyl-amine)-9,9'-spirobiflorene(Spiro-MeOTAD) as the hole transporting 
layer. Recent work has also been conducted on quasi-solid state gel electrolytes for 
DSSC. In this area, Song et al have achieved 6.2% efficient quasi-solid state DSSC at 
AM 1.5 illumination using specially fabricated TiOz nanorods and a gel electrolyte [62]. 
Work is ongoing to develop solid state DSSC. 
1.3.3.2 Hybrid Polvmer/Nanocrvstal solar cells 
Hybrid polymer/nanocrystalline solar cells are an interesting addition to the 
organic photovoltaics field of research. These hybrid cells consist of inorganic electron 
conducting nanoparticles in a blended or layered film with hole conducting polymers. 
The inorganic nanoparticles can have better charge transport properties than organic 
electron transporters and therefore are expected to improve solar cell device performance 
and reduce charge recombination in the active layer. Additionally, the inorganic 
materials may be processed in such a way that they form a structured matrix which could 
lead to an increase in interfacial area with the polymer and at the same time keep good 
contact with the electron accepting electrode. These capabilities are very promising. 
However, hybrid polymer/nanocrystalline solar cells have not yet achieved the 
efficiencies of polymer/polymer and polymer/small molecule blend solar cells. The 
42 
highest power conversion efficiencies thus far have been achieved in CdSe 
tetrapodrpolymer blends with power conversion efficiencies of 2.4% at AM 1.5 
illumination and EQEs of 52% [48]. Devices implementing ZnO nanoparticle;polymer 
blends have recently achieved efficiencies up to 1.6% under AM 1.5 conditions [63]. 
Finally, devices made using TiOa and polymer layers achieve even lower power 
conversion efficiencies of 0.58% under AMI.5 illumination [64]. The reason for the 
relatively low efficiency in hybrid polymer/nanocrystalline solar cells is due to the low 
short circuit current produced in the cell. This low current is believed to be due several 
issues in the make up of these cells. First, most nanoparticle systems used to make solar 
cells (such as Ti02 and ZnO) are transparent and thus do not aid in the absorption of 
incident light on the cell. It is for this reason that absorbing nanoparticles like CdSe are 
of great interest in this field. Also, the lack of infiltration of the polymer into the 
inorganic nanoparticle matrix leads to poor absorption and poor charge separation in the 
devices which contribute to the low photocurrent. Also, the lack of optimum morphology 
and bad interparticle transport are issues that must be addressed in order to improve 
photocurrent generation in these material systems. 
1.3.3.3 Molecular film solar cells 
Molecular film solar cells are fabricated by depositing layers of organic materials 
via vacuum evaporation onto a conducting substrate. Before the mid-1980s, this type of 
device consisted of one type of organic material sandwiched between electrodes. These 
devices were very inefficient and resulted in power conversion efficiencies on the order 
of 0.1%. This poor performance was due to the fact that the exciton diffusion length in 
organic materials is very short and the exciton binding energy is very high. Therefore, 
excitons would only be able to separate into free charges at locations where sufficient 
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energy was provided to overcome the exciton binding energy, namely at the interface 
with the electrodes. In 1986, Tang et al. developed the concept of the hetero-junction 
solar cell, which combines an electron donating and electron accepting material in a 
layered configuration thereby providing an extra interface to facilitate charge 
separation[5]. The hetero-junction structure resulted in an order of magnitude increase in 
the external quantum efficiency of devices. Some of the most common electron donating 
materials used in molecular film solar cells are copper phthalocyanine (CuPc), zinc 
phthalocyanine (ZnPc), and porphyrins. Predominantly, the electron accepting materials 
used in these devices are fullerene (Ceo) and perylene derivatives. Devices with 4.2% 
power conversion efficiency were produced by Xue et al. from a CuPc/Ceo bilayer which 
implemented an exciton blocking layer between the metal electrode and the organic 
active layer [65]. While CuPc/Ceo devices have been found to make some of the most 
efficient organic bilayer cells, other materials are being investigated as well to determine 
their effectiveness for photovoltaic applications. In particular, these materials are being 
investigated to attempt to extend the absorption of the device across a larger spectral 
range. One material combination of interest is the pentacene/Ceo bilayer which have 
achieved power conversion efficiencies of 2.7% and external quantum efficiencies of 
near 40% for wavelengths from 400 - 700 nm [66]. Additionally, using tin (II) 
phthalocyanine, absorption was extended beyond 900 nm and devices resulted with 
power conversion efficiencies of 1%[67]. 
The device architecture of molecular bilayer solar cells has also been optimized to 
improve device performance. Co-deposited layers of donor and acceptor materials have 
been sandwiched between pristine donor and acceptor layers to improve charge 
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separation and overall efficiency in these devices[68, 69]. Recent advancements have 
been made by Xue et al. by creating tandem organic photovoltaic cells which consist of 
layers of copper CuPc/CuPC:C60/C60. These devices have surpassed previous efficiency 
milestones to produce power conversion efficiencies as high as 5.7% [2]. These 
developments show promise for future developments in molecular thin film organic solar 
cells. 
1.3.3.4 Polymer Blend Solar Cells 
Polymer blend solar cells have become an important and vibrant addition to the 
field of organic photovoltaics due to the development of the bulk hetero-junction organic 
solar cell device structure. This structure is depicted in Figure 1.9. 
electron collecting electrode 
hole collecting electrode 
Figure 1.9: General structure of bulk hetero-junction blend films used for organic 
photovoltaics. There is an interpenetrating network between the electron donor material 
(blue) and electron accepting material (white). 
As seen in the figure above, the bulk hetero-junction film consists of an interpenetrating 
network of the electron donating and electron accepting materials in the solar cell. This 
structure is formed by combining the two material components in solution and casting the 
solution into a solid film via spin coating, ink-jet printing, or drop casting. Ideally, the 
donor and acceptor materials should form networks with clear percolation pathways to 
the appropriate collection electrode as seen in A in Figure 1.9 and will have continuous 
regions of hole/electron transporter at the hole/electron collecting electrode respectively, 
as depicted in B, Figure 1.9. The main benefits of this structure for organic photovoltaic 
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devices are two-fold. First, bulk hetero-junctions increase the interfacial area between 
the electron donating and electron accepting materials in the blend film. This leads to 
more efficient charge separation since the exciton will most likely be able to travel to an 
interface where it will acquire enough energy to overcome the exciton binding energy and 
split into free charges. Second, bulk hetero-junctions are beneficial because they can be 
cast fi:om solution using several methods. These techniques are relatively inexpensive 
device fabrication processes and have the potential of being scaled up easily for mass 
production. 
Some drawbacks to the bulk heterojunction fabrication method are also illustrated 
in Figure 1.9. Since the solution casting methods have no means to ensure the structure 
of the materials on the nanoscale, several undesirable morphologies may (and often do) 
develop in the bulk film. First, in the absence of vertical phase separation in the film, 
both the electron donating and electron accepting materials may be in contact with a 
single electrode, as shown in C on Figure 1.9. This is a cause for back transfer of charge 
carriers 6om the electrode and can lead to overall reduction in solar cell performance. 
Additionally, isolated domains of one material may be created in the solution casting 
process as shown in D in Figure 1.9. These domains, while they may lead to separated 
charges, act as traps for those charges because no network exists to transport one charge 
carrier (in the case of the drawing, the electron). To achieve drastically improved 
efficiencies in BHJ solar cells, these undesirable results from the solution casting process 
must be understood and overcome. 
Some of the most promising recent developments for bulk hetero-junction solar 
cells are shown in the Table 1.2. 
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Table 1.2: Recent developments in bulk hetero-junction polymer/polymer and 
polymer/small molecule solar cells 
Material System EQE % Voc; Jsc; FF 
PCE 
% 
Reference 
P3HT;PCBM 
(1:0.8) 
76 
@ 500 nm 
0.6 V; 
11.1 mA/cm^; 
0.54 FF 
4.9* [12, 70] 
MDMO-PPV: 
PCBM 
(L4) 
50 
@ 460 nm 
&82T^ 
5.25 mA/cm^; 
0.61 FF 
3.0* [36,71] 
APF03:PCBM 
(1:3) 
- 4 7 
@ 560 nm 
1.01 V; 
7.3 nxA/cm^; 
0.37 FF 
17* [72] 
PCPDTBTiPCBM 
(1:3) 
38 
@ 700 nm 
0.65 V; 
11.1 mA/cm^; 
0.47 FF 
12* [73] 
MDMO-PPV: 
PFICVTP 
(1:1) 
40 
@ 500 nm 
1.4 V; 
3.0 mA/cm^; 
0.37 FF 
1.5* [74] 
* AM 1.5 solar simulator 
Great strides have been taken to understand the physics of polymer blend films 
and polymer solar cells on the nanoscale. In addition to varying the composition of the 
active layer of polymer solar cells, studies have addressed the recombination of charge 
carriers in polymer blend films, the nature of the ground and excited states in polymer 
blend films, the morphology of bulk heterojunction blend films and devices, and the 
influence of tire electrodes used for polymer photovoltaic devices. Ultimately, a better 
understanding of the link between chemical structure and device properties is most 
desirable in order to improve organic solar cell devices. 
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ROLE OF ELECTRODES IN ORGANIC PHOTOVOLTAICS 
The selection of electrodes for organic solar cells is very important for the 
enhancement of device efficiency. This is particularly true for bulk heterqjunction solar 
cells where uniform coverage of the electrode with the appropriate charge transporting 
material may not occur due to the fabrication methods that are used. Electrodes are 
selected to ensure 1) good charge selectivity, 2) high conductivity, and 3) suitable device 
costs and stability. 
The selectivity of electrodes can be enhanced by carefully selecting the electrodes 
of the device, inserting additional organic layers in the device structure, or by modifying 
the active layer of the solar cell. For instance, modifying the metal cathode of the device 
has been shown to improve charge selectivity and also using PEDOT:PSS layers as 
coatings on the typical indium tin oxide (ITO) anodes has also improved charge 
selectivity. Additionally, selectivity of electrodes has been enhanced by sandwiching a 
monolayer of permanent-dipole molecules between the active layer and the electrode 
[75]. Also, selectivity has been improved by manipulating the vertical segregation of the 
active layer materials. By coating the respective electrodes with layers of electron 
transporter or electron acceptor respectively, higher efficiencies have been achieved [76]. 
Some preliminary work is also being done to challenge the conventional solar cell 
structure (indium time oxide (ITO) - active layer - metal cathode) and experiment with 
less costly electrode materials with improved stability. Some have used an 'inverted 
solar cell structure' with TiOi as the bottom layer cathode. In this cell, PEDOT:PSS was 
used as the top electrode and efficiencies equaled those in conventional cell structures 
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[77, 78]. More work is underway to enhance electrode design, workfunction, and 
stabihty. 
1.4 ELECTRON ACCEPTOR MATERIALS 
Selecting an appropriate electron accepting material for bulk heterojunction 
organic photovoltaic devices is essential to produce efficient solar cells. However, the 
range of electron acceptors that work well with common electron donors is surprisingly 
limited. The soluble Ceo derivative, PCBM, has been studied extensively as an electron 
acceptor in polymer blend solar cells and has been used to produce some of the most 
efficient devices to date. The reasons why PCBM outperforms most other electron 
transporters is not clearly defined. In this study, two types of electron transporter are 
investigated in order to determine how charge separation and excited state formation 
differ in each case. These electron transporters have different electron affinities, different 
sizes, and while they are both small molecules, different morphological outcomes in 
blend films. To provide a comprehensive understanding of the benefits and drawbacks of 
each respective electron acceptor, those relevant to this study (PCBM and silole 
derivatives) are explained below in detail. 
1.4.1 FULLERENES AND FULLERENCE DERIVATIVES (PCBM) 
Over the past five years, fullerene derivatives have been the dominant electron 
transporting materials in the field of organic photovoltaics. The chemical structures of 
Mlerene (Ceo) and its soluble derivative (PCBM) are shown in Table 1.3 along with some 
material characteristics. 
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Table 1.3: Chemical structures and materials properties of Cgo and the soluble 
methanofullerene 
Chemical 
Structure Name 
Electron 
mobility 
(cmV's"') 
Hole 
Mobility 
(cmVs-^) 
HOMO 
Level 
(eV) 
LUMO 
Level 
(eV) 
Exciton 
diffusion 
length (A) 
(Ceo) 0.5 ±0.2 [79] 
1.7 ±0.2 
[79] 6.1 3.7 
77 ± 10 
[80] 
16,6] -
phenyl C61 
butyric acid 
methyl 
ester 
(PCBM) 
(0.8-3.3) xlO'^ 
[81] 
8 x 1 0 ^ 
[82] 6.1 
3.7 
[81] N/A 
PCBM has been blended in solution with many polymers to make some of the 
most efficient bulk hetero-j unction structures for organic solar cells. Devices made from 
these blends have been reported to achieve external quantum efficiencies (EQE) larger 
than 50% and power conversion efficiencies of over 4%. (See table 1.2 in above section.) 
There are a number of issues that need to be addressed to better understand and 
improve PCBM's performance as an electron accepting material. These issues lie in the 
areas of morphology, charge transport, and charge transfer state formation in the ground 
and excited states. 
First, for blend films of MDMO-PPV;PCBM or P3HT:PCBM, the morphology of 
the film shows the formation of clusters at high concentrations of PCBM (67% or more 
PCBM by weight) [83]. These clusters increase in size as the concentration of PCBM 
increases. One might expect that device performance would suffer at high PCBM 
concentration due to the increased roughness of the film and the decrease in interfacial 
area between donor and acceptor materials. However, this same study revealed that the 
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most efficient devices were in fact made with blends that are 80% PCBM by weight [84]. 
This fact is even more surprising given that the highest rate of charge carrier generation 
occurs at 67% PCBM concentration by weight in this blend film [83, 84]. So, it appears 
that there is an effect in addition to morphology and charge carrier generation that plays a 
defining role in the function of these types of polymer:PCBM solar cells. 
Some interesting work has been carried out concerning the charge transport in 
polymer:PCBM blends which sheds light on the effect that PCBM concentration may 
have on device performance. Tudlahar et al. found that both electron and hole mobility 
increase strongly with PCBM content in MDMO-PPV:PCBM blend films, and also 
confirmed that charge transport in PCBM is ambipolar. The ambipolar transport in 
PCBM may be responsible for the higher electron and hole mobilities as the PCBM 
concentration increases [81]. This indicates that PCBM may play a vital role in charge 
transport of both charge carriers in devices. 
Another phenomenon that may elucidate the nature of some polymer:PCBM 
blends is the reported observation of a ground state charge transfer complex formation in 
polymerrPCBM blend films. Recently, Goris et al. [85] reported a low energy absorption 
band (between 1.5 and 1.7 eV) in the absorption of MDMO-PPV;PCBM blends using 
Photothermal Deflection Spectroscopy (PDS) technique. The new absorption band could 
not be attributed to the absorption of either of the pristine materials in the blend. This 
observation indicates a charge transfer complex in the ground state of the blend film. 
Before the study by Goris et al, which was the first to probe absorption in blend films 
with very high sensitivity (a > lO'cm"') it was assumed that there was no interaction in 
the ground state of polymer:PCBM blends. 
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Further morphological studies have been conducted on PCBM:polymer blends to 
better understand these mysterious films. MDMO-PPV:PCBM blends were investigated 
using Kelvin probe force microscopy to study the variation of the work function across 
the surface of the film. In this work[86], blends cast from toluene and chlorobenzene 
were examined and it was found that higher work functions appeared at the locations 
where there were aggregates of PCBM in the film. This indicates that there is larger 
density of holes at the surface of the PCBM clusters than in the bulk of the blend film 
[86]. Work is ongoing to determine how the morphology and transport properties of 
PCBM influence device performance. 
1.4.2 SILOLE DERIVATIVES 
Silole derivatives are currently of great interest for organic electronic applications. 
Table 1.4 lists several silole derivatives that have been studied to date and some of their 
characteristics. 
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Table 1.4: Chemical structure, characteristics, and device performance of silole derivatives 
Silole Derivative 
(Chemical 
Structure) Chemical Name 
Characteristics 
e Mobility 
(cm'/V s) PL efficiency LED Devices 
2,5-bis-(2,2 -
bipyridin-6-yl)-1, 
l-dimethyl-3,4-
diphenylsilacyclo 
pentadiene 
(PyPySPyPy) 
2.0x10"* * (28 ± 3)% t 
Vop = 6.5 V 
@ 100 cd/m" 
T] ELQE= 0 . 3 % 
@ 100 A/m" 
A. emit = 550 nm 
(exciplex fomied) 
[87] 
l,2-bis(l-methyl-
2,3,4,5,-
tetraphenylsilacy 
clopentadienyl) 
ethane 
(2PSP) 
2.4x10'^ * ( 9 4 ± 5 ) % f 
Vqp = 4.6 V 
@ 100 ed/m^ 
T] e l q e = 3 . 8 % 
@ 100 A/m^ 
A. emii= 495 nm 
(no exciplex) 
[27] 
2,5-di-(3-
biphenyl)-l,l-
dimethyl-3,4-
diphenylsilacyclo 
pentadiene 
(PPSPP) 
5.2x10'^ * (85 ± 5)% t 
Vop = 4.5 V 
@ 100 cd/m" 
T] ELQE= 3 . 4 % 
@ 100 A/m' 
A, emit = 495 nm 
(exciplex fonned) 
[21] 
0 \ 
\ o 
1,2,3,4,5-
pentaphenyl-1-
(8-pheny 1-1,7-
octadiynyl)silole 
(PPOS) 
N/A N/A 
V,un,_on = 4.5 V 
"H ELQE= 3 . 9 % 
A-emit =492 nm [88] 
" O " 
1,2,3,4,5-
pentaphenylsilole 
(MPPS) 
N/A N/A 
V|um= 13.2 V 
@ 599 cd/m" 
T] ELQE= 1 - 5 % 
X emit = 520 nm [89] 
t Reference [87] 
The silole derivatives PPSPP, 2PSP, and PyPySPyPy have electron mobilities two to 
three orders of magnitude greater than that of tris (8-hydroxyquinolinolato) aluminum 
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(Ill) (Alq3), a common electron transporter with a mobility of 6.5x10'^ cmWs at 
6.4xlO^V/cm [90]. Of the siloles listed in Table 1.4, PyPySPyPy has the largest electron 
mobility of 2 x 10"^  cmWs [90, 91]. Due to their high electron mobility and 
photoluminescence efficiency, the aforementioned silole derivatives and others are being 
used to fabricate efficient light emitting devices [27, 92, 93]. In these devices, materials 
were vacuum deposited and the best results were obtained using device structures with 
N,N'-diphenyl-N,N'-(2-napthyl)-(l,r-phenyl)-4,4'-diamine (NPB) as a hole transporting 
layer, PS2P or PPSPP as an emitting layer (EML), and PyPySPyPy as the electron 
transporting layer (ETL). The characteristics of the OLEDS made from these silole 
materials are summarized in Table 1.4. Additionally, it was shown that the emission of 
some LEDs was in fact due to exciplex formation at the interface between the EML 
(PS2P) and hole transporting layer (NPB) [21]. In that case, the exciplex emission 
occurred at 495 nm, 20 and 50 nm further to the red from the emission of the pristine 
films of PS2P and NPB respectively. Figure 1.10 shows the emission spectra of the 
materials used in the aforementioned study and the device structures of the LEDs. 
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Figure 1.10: Device architecture of silole LEDs that displayed exciplex formation shown as 
open circles and open squares in the figure. The closed circles and closed squares are the 
photoluminescence spectra of the NPB and PPSPP films respectively.[21] 
In addition to the traditional vacuum deposition method, devices have been 
developed using synthesized silole-containing copolymers [94, 95] as well as spin cast 
polymer-silole bilayers [89]. Wlien blended with PCBM, the silole-containing 
copolymers resulted in solar cells with efficiencies of up to 2% measured at AM 1.5 
conditions at 100 mW/cm^ [95]. The spin cast silole-polymer bilayers resulted in LEDS 
with relatively low efficiencies of 1.5% and operating voltages of 13.2 V at 599 cd/m^ 
[89]. 
The silole derivative that appears to hold the most promise for organic solar cells 
applications is PyPySPyPy due to its high electron mobility and its trap free transport 
[91]. Also, PyPySPyPy is soluble in common solvents and has an electron affinity that is 
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higher than that of PCBM. Since the open circuit voltage of bulk heterojunction organic 
solar cells has been shown to rise linearly with the energy difference between the HOMO 
of the donor and the LUMO of the acceptor such that AeVoc~ A Ip [96], the higher 
electron affinity of the silole would be expected to increase the open circuit voltage of 
solar cells made with the component as an electron acceptor. For these reasons, siloles 
are of interested for organic PV as well as organic LEDs and are used in this study to 
investigate charge separation in donor-acceptor blend films. 
1.5 CURRENT UNDERSTANDING OF CHARGE SEPARATION IN 
ORGANIC MATERIALS 
The efficiency of organic solar cells suffers primarily because of comparatively 
small short circuit currents. Small currents result, in part, because of ineffective light 
absorption in the cell, but also because of inefficient charge separation in devices. It has 
been shown that morphological alterations of films for organic solar cells improve device 
efficiency, not only due to improved transport and light absorption, but also because of 
enhanced charge separation efficiency[12, 36]. Thus, intermolecular interactions seem to 
play a large part in charge separation and are deserving of closer examination. 
There are two current views of charge separation in donor-acceptor organic thin 
films. The first supposes that charge separation is a single step electron transfer process 
from a photoexcited donor to a neutral acceptor that occurs due to the local electric field 
at the interface between a donor and acceptor [97, 98]. A number of recent reports, 
however, propose that charge separation proceeds through one or more intermediate 
steps, in the formation of a coulombically bound polaron pair which may itself relax into 
a heterogeneous, radiatively active, excited state sometimes termed an "exciplex" or 
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charge transfer complex. Evidence for such intermediate states has been provided by 
several groups [20, 22, 99] and the existence of any such additional states at the donor-
acceptor interface will have important consequences for the efficiency of, and conditions 
for, charge separation. These conditions are only now begirming to be studied and 
examined. The presence of hybrid donor-acceptor interfacial states with radiative 
coupling to the ground state would result in additional features in the optical absorption 
and emission spectra of the blends. Although initial reports generally concluded that the 
optical absorption spectra of photovoltaic blend films were a simple addition of the 
spectra of the component donor and acceptor materials, recent photothermal deflection 
spectroscopy (PDS) measurements have revealed the presence of additional, composition 
dependent long wavelength absorption in blend films of MDMO-PPV:PCBM and 
P3HT:PCBM[100, 101] (materials systems that result in some of the most efficient 
organic solar cells to date). These results raise the question of whether such optical 
features are related to the process of charge separation and if they can be probed to 
comparatively examine charge separation in organic blend films. 
If intermediate states are relevant to charge separation events in donor-acceptor 
blend films, further study of their optical and electrical properties are critical for the 
complete understanding of charge separation in organic solar cell devices. This work 
attempts to study these intermediate states and how they influence charge separation in 
donor-acceptor blend films for organic solar cell applications. 
1.6 OVERVIEW OF THESIS 
The objective of this work is to better understand the mechanisms in bulk hetero-
junction solar cells that influence charge separation in donor-acceptor blend films for 
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organic electronic devices. This question will be approached using several spectroscopic 
methods on two different material combinations. 
In Chapter 2, the experimental methods used in this study will be explained and 
discussed in relation to the outcomes of this work. 
Chapter 3 will present an experiment where three polyfluorene polymers with a 
range of physical and chemical properties were blended with the common electron 
acceptor, PCBM. Using various spectroscopic methods and electrical tests, the efficiency 
of charge separation in these blends was correlated to the appearance of the ground state 
charge transfer complex. These results were correlated to the material properties of the 
polymers. It was found that ionization potential of the polymer was critical for charge 
separation to occur in the blend film. By comparing these results with literature, 
implications were drawn concerning general material property considerations for all 
polymer/PCBM solar cells. 
In Chapter 4, a wider range of polyfluorene polymer/PCBM films were examined 
using transient absorption spectroscopy. The ionization potential of the polymer was 
correlated to the excited species formed in the blend film. Using device structures with 
semitransparent electrodes, the influence of the internal electric field on charge separation 
was investigated. Comparing experimental results to optical models, conclusions were 
drawn concerning the fiinction of electric field on charge separation in donor-acceptor 
blend films. 
Chapter 5 shows the investigation of polyfluorene polymers blended with two 
electron transporting materials, a soluble silole derivative and its fluorinated counterpart, 
using various spectroscopic techniques, microscopy, and device characteristics. Exciplex 
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formation is observed in these films and experiments are performed to determine the 
influence of morphology on exciplex formation. Morphology is found to be critical for 
exciplex formation and can be manipulated by varying solvent and process steps in film 
fabrication. 
Finally, Chapter 6 summarizes this works' findings about charge separation in 
organic donor-acceptor blend films. General conclusions about charge separation are 
discussed and the overarching mechanisms in bulk heter-junction solar cell devices that 
influence charge separation are explained. These results are compared to literature results 
of some of the most efficient solar cells to date and suggestions are offered for future 
work in this field. 
59 
1.7 CHAPTER 1 REFERENCES 
1. Spanggard, H. and F.C. Krebs, A brief history of the development of organic and 
polymeric photovoltaics. Solar Energy Materials & Solar Cells, 2004. 83: p. 125-
146. 
2. Xue, J., et al., Asymmetric tandem organic photovoltaic cells with hybrid planar-
mixed molecular heterojunctions. Applied Physics Letters, 2004. 85(23): p. 5757-
5759. 
3. Kim, J.Y., et al., Ejficient tandem polymer solar cells fabricated by all-solution 
processing. Science, 2007. 317: p. 222-225. 
4. Benson-Smith, J.J. and J. Nelson, Chapter 7: Organic Donor-Acceptor 
Heterojunction Solar Cells, in Solar Photon Conversion in Nanostructured and 
Photoelectrochemical Systems. 2007, imperial College Press: London. 
5. Tang, C.W., 2-Layer organic photovoltaic cell. Applied Physics Letters, 1986. 
48(2): p. 183-185. 
6. Halls, J.J.M., et al.. Charge and energy transfer processes at polymer-polymer 
interfaces: A joint experimental and theoretical study. Physical Review B, 1999. 
60(8): p. 5721-5727. 
7. Nelson, J., Organic photovoltaic films. Currrent Opinion in Solid State Material 
Science, 2002. 6(1): p. 87-95. 
8. Lof, R.W., et al., Band gap, excitons, and coulomb interaction in solid C60. 
Physical Review Letters, 1992. 68(26): p. 3924-3927. 
9. Dick, D., et al.. Transient spectroscopy of excitons and polarons in C60 films 
from femtoseconds to milliseconds. Physics Review Letters, 1994. 73(20): p. 
2760-2763. 
10. Cook, S., et al., A photophysical study of PCBM thin films. Chemical Physics 
Letters, 2007. doi:10.1016/j.cplett.2007.08.005. 
11. Turro, N., Modern Molecular Photochemistry. 1991, Sausalito, CA: University 
Science Books. 
12. Kim, Y., et al., A strong regioregularity effect in self-organizing conjugated 
polymer films and high-efficiency polythiophene: fuller ene solar cells. Nature 
Materials, 2006. 5(3): p. 197-203. 
13. Haken, H. and H.C. Wolf, Molecular Physics and Elements of Quantum 
Chemistry. 2004, Verlag Berlin Meidelberg: Springer. 
14. Nogueira, A.F., et al.. Charge Recombination in Conjugated Polymer/Fullerene 
Blended Films Studied by Transient Absorption Spectroscopy. Journal of Physical 
Chemistry B, 2003. 107: p. 1567-1573. 
15. Forester, T., Excimers and Exciplexes, in The Exciplex, M. Gordon and W.R. 
Ware, Editors. 1975, Academic Press Inc. 
16. Jenekhe, S.A. and J. A. Osaheni, Excimers and Exciplexes of Conjugated 
Polymers. Science, 1994. 265: p. 765-768. 
17. Domercq, B., et al., Electron-transport properties and use in organic light-
emitting diodes of an bis(dioxahorine)fluorene derivative. Journal of Physical 
Chemistry B, 2004. 108: p. 8647-8651. 
60 
18. Brouwer, F., Structural aspects of exciplex formation, in Conformational analysis 
of molecules in excited states, J. Waluk, Editor. 2000, Wiley-VCH, Inc. p. 177-
236. 
19. Leonhardt, H. and A.Z. Weller, Ber. Bunsenges. Phys. Chem., 1963. 67: p. 791-
795. 
20. Offermans, T., P.A.v. Hal, and S.C.J. Meskers, Exciplex dynamics in a blend of 
pi-conjugated polymers with electron donating and accepting properties :MDMO-
PPVandPCNEPV. Physical Review B, 2005. 72: p. 045213. 
21. Palilis, L.C., et al.. Highly efficient molecular organic light-emitting diodes based 
on exciplex emission. Applied Physics Letters, 2003. 82(14): p. 2209-2211. 
22. Morteani, A.C., R.H. Friend, and C. Silva, Exciton trapping at heterojunctions in 
polymer blends. The Journal of Chemical Physics, 2005. 122: p. 244906. 
23. Morteani, A.C., et al., Barrier-Free Electron-Hole Capture in Polymer Blend 
Heterojunction Light-Emitting Diodes. Advanced Materials, 2003. 15(20): p. 
1708-1712. 
24. Morteani, A.C., R.H. Friend, and C. Silva, Endothermic exciplex-exciton energy-
transfer in a blue-emitting polymeric heterojunction system. Chemical Physics 
Letters, 2004. 391: p. 81-84. 
25. Morteani, A.C., et al., Exciton regeneration at polymeric semiconductor 
heterojunctions. Physics Review Letters, 2004. 92(24): p. 247402-1. 
26. Weller, A., Singlet and triplet state exciplexes, in The Exciplex, M. Gordon and 
W.R. Ware, Editors. 1975, Academic Press Inc. p. 23-38. 
27. Palilis, L.C., et al.. High efficiency molecular organic light emitting diodes based 
on silole derivatives and their exciplexes. Organic Electronics, 2003. 4: p. 113-
121. 
28. Lee, R.-H., K.-T. Lin, and C.-Y. Huang, High red, green, and blue color purity 
electroluminescence from Meh-PPV and polyalkyfluorenes-based bright white 
polymer light emitting displays. Journal of Polymer Science: Part B:Polymer 
Physics, 2007. 45: p. 330-341. 
29. Hu, B., Z. Yang, and F.E. Karasz, Electroluminescence of purepoly(N-
vinylcarbazole) and its blends with a multiblock copolymer. Journal of Applied 
Physics, 1994. 76(4): p. 2419-2422. 
30. Arias, A.C., et al.. Photovoltaic performance and morphology of polyfluorene 
blends: a combined microscopic and photovoltaic investigation. Macromolecules, 
2001. 34: p. 6005-6013. 
31. Gebler, D.D., et al., Exciplex emission in bilayer polymer light-emitting devices. 
Applied Physics Letters, 1997. 70(13): p. 1644-1646. 
32. Morteani, A.C., et al.. Electric field-induced transition from heterojunction to 
bulk charge recombination in bilayer polymer light-emitting diodes. Applied 
Physics Letters, 2005. 86: p. 163501. 
33. Granlund, T., et al., Interference phenomenon determines the color in an organic 
light emitting diode. Journal of Appllied Physics, 1997. 81(12): p. 8097-8103. 
34. Wang, J.-F., et al., Exciplex electroluminescence from organic bilayer devices 
composed of triphenyldiamine and quinoxaline derivatives. Advanced Materials, 
1998.10(3): p. 230-233. 
61 
35. Jiang, X., M.S. Lui, and A.K.-Y. Jen, Bright and efficient exciplex emission from 
light-emitting diodes based on hole-transporting amine derivatives and electron-
transporting polyfluorenes. Journal of Applied Physics, 2002. 91(12): p. 10147-
10152. 
36. Shaheen, S.E., et al., 2.5% efficient organicpastic cells. Applied Physics Letters, 
2001. 78(6): p. 841-843. 
37. Yin, C., et al.. Relation between exciplex formation and photovoltaic properties of 
PPVpolymer-based blends. Solar Energy Materials & Solar Cells, 2007. 91: p. 
411-415. 
38. Yin, C., et al.. Photovoltaic properties and exciplex emission of 
polyphenylenevinylene-based blend solar cells. Apphed Physics Letters, 2007. 90: 
p. 092117. 
39. Nelson, J., The Physics of Solar Cells. 2003, London: Imperial College Press. 
40. Green, M.A., et al.. Solar cell efficiency tables. Progress in Photovoltaics: 
Research and apphcations, 2007. 15: p. 35-40. 
41. Peumans, P., V. Bulovic, and S.R. Forrest, Efficient photon harvesting at high 
optical intensities in ultrathin organic double-heterojunction photovoltaic diodes. 
Applied Physics Letters, 2000. 76(19): p. 2650-2652. 
42. S chillier, S., et al.. Determination of the degradation constant of bulk 
heterojunction solar cells by accelerated lifetime measurements. Applied Physics 
a-Materials Science & Processing, 2004. 79(1): p. 37-40. 
43. Bassler, H., Phys. Stat. Sol. (b), 1993. 175(15). 
44. Novikov, S.V., et al.. Essential role of correlations in governing charge transport 
in disordered organic materials. Physical Review Letters, 1998. 81(20): p. 4472-
4475. 
45. Ballantyne, A.M., et al. TOF mobility measurements in pristine films of P3HT: 
control of hole injection and influence offilm thickness, in Society for Information 
Displays (SPIE). 2006. San Diego: SPIE. 
46. Andrienko, D., V. Marcon, and K. Kremer, Atomistic simulation of structure and 
dynamics of columnar phases of hexabenzocoronene derivatives. Journal of 
Chemical Physics, 2006. 125(12). 
47. Schmidt-Mende, L., et al., Self Organized Discotic Liquid Crystals for High-
Efficiency Organic Photovoltaics. Science, 2001. 293: p. 1119-1122. 
48. Sun, B., et al.. Vertically segregated hybrid blends for photovoltaic devices with 
improved efficiency. Journal of Apphed Physics, 2005. 97: p. 014914. 
49. Ravirajan, P., et al., Hybrid polymer/zinc oxide photovoltaic devices with 
vertically oriented ZnO nanorods and an amphiphilic molecular interface layer. 
Journal of Physical Chemistry B, 2006.110(15): p. 7635-7639. 
50. Kymakis, E., I. Alexandrou, and G.A.J. Amaratunga, High open-circuit voltage 
photovoltaic devices from carbon-nanotube-polymer composites. Journal of 
Applied Physics, 2003. 93(3): p. 1764-1768. 
51. Kawano, K., et al.. Degradation of organic solar cells due to air exposure. Solar 
Energy Materials and Solar Cells, 2006. 90(20): p. 3520-3530. 
52. Jeranko, T., et al.. Patterns of efficiency and degradation of composite polymer 
solar cells. Solar Energy Materials and Solar Cells, 2004. 83(2-3): p. 247-262. 
62 
53. Pacios, R., et al., Effects of photo-oxidation on the performance ofpoly 2-
methoxy-5-(3 ',7 '-dimethyloctyloxy)-l,4-phenylene vinylene : 6,6 -phenyl C-61-
butyric acid methyl ester solar cells. Advanced Functional Materials, 2006. 
16(16): p. 2117-2126. 
54. Yoshikawa, Enhanced efficiency and stability in P3HT:PCBM bulk 
heterojunction solar cell using Ti02 hole blocking layer. 2006: 2006 MRS 
conference, Boston, MA. 
55. Bertho, S., et al., Solar Energy Materials & Solar Cells, 2007. 91: p. 385-389. 
56. Drees, M., et al., Stabilization of the nanomorphology ofpolymer-fullerene "bulk 
heterojunction " blends using a novel polymerizable fullerene derivative. Journal 
of Materials Chemistry, 2005. 15(48): p. 5158-5163. 
57. Nelson, J., Organic photovoltaic films. Materials Today, 2002: p. 20-27. 
58. http.V/www. eifer. uni-karlsruhe. de/seite 162. vhv. 
59. Cao, F., G. Oskam, and P.C. Sears on, A solid state, dye sensitized 
photoelectrochemical cell. Journal of Physical Chemistry, 1995. 99: p. 17071-
17073. 
60. Schmidt-Mende, L. and M. Gratzel, Ti02 pore-filling and its effect on the 
efficiency of solid-state dye-sensitized solar cells. Thin Solid Films, 2006. 500: p. 
296-301. 
61. Kuang, D., et al.. Ion coordinating sensitizer for high efficiency mesoscopic dye-
sensitized solar cells: Influence of lithium ions on the photovoltaic performance of 
liquid and solid-state cells. Nanoletters, 2006. 6(4): p. 769-773. 
62. Song, M.Y., et al., Ti02 single-crystalline nanorod electrode for quasi-solid-state 
dye-sensitized solar cells. Applied Physics Letters, 2005. 87(113113): p. 1-3. 
63. Beek, W.J.E., M.M. Wienk, and R.A.J. Janssen, Hybrid polymer solar cells based 
on zinc oxide. Journal of Material Chemistry, 2005. 15: p. 2985-2988. 
64. Ravirajan, P., et al., Efficienct charge collection in hybridpolymer/Ti02 solar 
cells usingpoly(ethylenedioxythiophene)/polystyrene sulphonate as hole collector. 
Applied Physics Letters, 2005. 86: p. 143101. 
65. Xue, J.G., et al., 4.2% efficienct organic photovoltaic cells with low series 
resistances. Applied Physics Letters, 2004. 84(16): p. 3013-3015. 
66. Yoo, S., B. Domercq, and B. Kippelen, Efficienct thin-film organic solar cells 
based onpentacene/C60 heterojunctions. Applied Physics Letters, 2004. 85(22): 
p. 5427-5429. 
67. Rand, B P., et al.. Organic solar cells with sensitivity extending into the near 
infrared. Apphed Physics Letters, 2005. 87(23). 
68. Heutz, S., et al., Influence of molecular architecture and intermixing on the 
photovoltaic, morphological, and spectroscopic properties of CuPc-C60 
heterojunctions. Solar Energy Materials and Solar Cells, 2004. 83(2-3): p. 229-
245. 
69. Xue, J.G., et al.. Mixed donor-acceptor molecular heterojunctions for 
photovoltaic applications. II. Device performance. Journal of Applied Physics, 
2005. 98(12). 
70. Reyes-Reyes, M., K. Kim, and D.L. Carroll, High-efficiency photovoltaic devices 
based on annealedpoly(3-hexylthiophene) and 1 -(3-methoxycarbonyl)-propyl-1 -
phenyl-(6,6)C-61 blends. Applied Physics Letters, 2005. 87(8). 
63 
71. Rispens, M.T., et al., Influence of the solvent on the crystal structure if PCBM and 
the efficiency of MDMO-PPV:PCBM 'plastic' solar cells. Chemical 
Communications, 2003.17: p. 2116-2118. 
72. Zhang, F., et al.. Influence of solvent mixing on the morphology and performance 
of solar cells based on polyfluorene copolymer/fullerene blends. Advanced 
Functional Materials, 2006. 16: p. 667-674. 
73. Muhlbacher, D., et al., High photovoltaic performance of low-bandgap polymer. 
Advanced Materials, 2006. 18: p. 2884-2889. 
74. Koetse, M.M., et al.. Efficient polymer : polymer bulk heterojunction solar cells. 
Applied Physics Letters, 2006. 88(8). 
75. Khodabakhsh, S., et al.. Using self-assembling dipole molecules to improve 
charge collection in molecular solar cells. Advanced Functional Materials, 2006. 
16(1): p. 95-100. 
76. Snaith, H.J., N.C. Greenham, and R.H. Friend, The origin of collected charge and 
open-circuit voltage in blended polyfluorene photovoltaic devices. Advanced 
Materials, 2004.16(18). 
77. Glatthaar, M., et al.. Organic solar cells using inverted layer sequence. Thin Solid 
Films, 2005. 491(1-2): p. 298-300. 
78. Waldauf, C., et al.. Highly efficient inverted organicphotovoltaics using solution 
based titanium oxide as electron selective contact. Applied Physics Letters, 2007. 
In press. 
79. Frankevich, E., Y. Maruyama, and H. Ogata, Mobility of charge carriers in 
vapor-phase grown C60 single crystal. Chemical Physics Letters, 1993. 214(1): p. 
39-44. 
80. Peumans, P. and S.R. Forrest, Very-high-efficiency double-heterostructure copper 
phthaloctanine/C60photovoltaic cells. Applied Physics Letters, 2001. 79(1): p. 
126-128. 
81. Tudlahar, S.M., et al., Ambipolar Charge Transport in Films of Methanofullerene 
and Poly(phenylenevinylene)/Methanofullerene Blends. Advanced Functional 
Materials, 2005. 15: p. 1171-1182. 
82. Anthopoulos, T.D., et al., Ambipolar organic field-effect transistors based on a 
solution processed methanofullerene. Advanced Materials, 2004. 16(23-24): p. 
2174-2179. 
83. van Duren, J.K.J., et al.. Relating the morphology of Polyfp-phenylene 
vinylene)/Methanofullerene Blends to solar-cell performance. Advanced 
Functional Materials, 2004. 14(5): p. 425-434. 
84. Mihailetchi, V.D., et al., Compositional Dependence of the Performance of 
Poly(p-phenylene vinylene):Methanofullerene Bulk-Heterojunction Solar Cells. 
Advanced Functional Materials, 2005. 15(5): p. 795-801. 
85. Goris, L., et al.. Absorption phenomena in organic thin films for solar cell 
applications investigated by photothermal deflection spectroscopy. Journal of 
Materials Science, 2005. 40(6): p. 1413-1418. 
86. Hoppe, H., et al., Kelvin probe force microscopy study on conjugated 
volymer/fullerene bulk heterojunction organic solar cells. Nano Letters, 2005. 
5(2): p. 269-274. 
64 
87. Palilis, L.C., et al., Efficient molecular organic light-emitting diodes based on 
silole derivatives. SPIE, 2002. 
88. Chen, H., et al., Blue organic light-emitting diode based on 1,2,3,4,5-
Pentaphenyl-l-(8-Phenyl-l, 7-Octadiynyl) Silole. IEEE Journal of Selected Topics 
in Quantum Electronics, 2004. 10(1): p. 10-15. 
89. Liu, C., et al., Highly efficient electroluminescence devices based on Conjugated 
polymers blended with siloles (MPPS). Synthetic Metals, 2003. 135-136: p. 187-
188. 
90. Palilis, L.C., M. Uchida, and Z.H. Kafafi, Electron Injection in Electron-Only' 
Devices Based on Symmetric Metal/Silole/Metal Structure. IEEE Journal of 
Selected Topics in Quantum Electronics, 2004. 10(1): p. 79-88. 
91. Murata, H., et al.. Non-dispersive and air-stable electron transport in an 
amorphous organic semiconductor. Chemical Physics Letters, 2001. 339: p. 161-
166. 
92. Kim, W., et al., Efficient silole-based organic light-emitting diodes using high 
conductivity polymer anodes. Chemical Materials, 2004. 16: p. 4681-4686. 
93. Chen, H.Y., et al.. Highly efficient organic light-emitting diodes with a silole-
based compound. Applied Physics Letters, 2002. 81(4): p. 574-576. 
94. Lui, M.S., J. Luo, and A.K.-Y. Jen, Efficient green-emitting diodes from silole-
containing copolymers. Chemical Materials, 2003. 15: p. 3496-3500. 
95. Wang, F., et al.. Conjugated jluorene and silole copolymers: Synthesis, 
Characterization, Electronics transition, light emission, photovoltaics cell, and 
field effect hole mobility. Macromolecules, 2005. 38: p. 2253-2260. 
96. Brabec, C.J., et al.. Origin of the open circuit voltage ofplastic solar cells. 
Advanced functional materials, 2001. 11(5): p. 374-380. 
97. Peumans, P. and S.R. Forrest, Separation of geminate charge-pairs at donor-
acceptor interfaces in disordered solids. Chemical Physics Letters, 2004. 398: p. 
27-31. 
98. Arkhipov, V.I., P. Heremans, and H. Bassler, Why is exciton dissociation so 
efficient at the interface between a conjugated polymer and an electron acceptor? 
Applied Physics Letters, 2003. 82(25): p. 4605-4607. 
99. Veldman, D., et al.. Triplet formation from the charge-separated state in blends of 
MDMO-PPV with cyano-containing acceptor polymers. Thin Solid Films, 2006. 
511: p. 333-337. 
100. Goris, L., et al.. Low-level optical absorption phenomena in organic thin films for 
solar cell applications investigated by high sensitive photocurrent and 
photothermal techniques. Proceedings SPIE, 2004. 5464: p. 372-381. 
101. Goris, L., et al.. Observation of the subgap optical absorption in polymer-
fullerene blend solar cells. Applied Physics Letters, 2006. 88(052113). 
65 
Chapter 2 
Experimental Methods and Equipment 
2^1 OVERVIEW 
This chapter details the experimental methods and device fabrication techniques that 
were used in this work to study charge separation in polymer: small molecule blend 
films. The techniques are listed below. 
2.2 Blend film fabrication 
2.3 Absorption techniques to study the ground state structure of the polymer blend 
films 
> UV-vis and Photothermal Deflection Spectroscopy (PDS) 
2.4 Spectroscopic techniques to probe the emissive excited states formed in 
polymer blend films 
> Steady state and time resolved Photoluminescence(PL) Spectroscopy 
2.5 Spectroscopic techniques used to probe the lifetime of non-emissive excited 
states in organic blend films 
> Transient Absorption Spectroscopy (TAS) 
2.6 Microscopy which is used to better understand the film morphology of organic 
blends 
2.7 Organic electronic device fabrication and testing 
> Solar cell and light emitting diode (LED) fabrication 
> Electrical measurements for external quantum efficiency 
(EQE) calculation and current-voltage characteristics 
2.8 Electrochemical measurements (cyclic voltammetry) 
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2.2 BLEND FILM FABRICATION 
The polymer: small molecule blends investigated in this work were fabricated 
as follows. First, the solid components of the blend were measured to the required 
ratio in a glass vial. The solvent was then added to the glass vial and for all series of 
films that were investigated, the total concentration of the blend was kept constant 
(normally 20 mg/ml). The solvents used (BDH HiPerSolv® HPLC) were either 
chlorobenzene (bp = 132° C), paraxylene (bp = 138° C), or chloroform (bp = 61° C). 
All films were fabricated using a spin coating method with spin speeds ranging from 
1000-2000 rpm for 20 - 80 seconds. For photoluminesence (PL) studies, transient 
absorption spectroscopy (TAS) studies, and atomic force microscopy (AFM) 
measurements, the films were cast onto Spectrosil B substrates (Kaypul Optics Ltd) 
using this spin casting method. Film thickness was measured on an alpha-step 2000 
(Tencor Instruments). 
2.3 ABSORPTION STUDIES 
The absorption of pristine and donor-acceptor blend organic films gives 
valuable information about the ground state structure of the film. Absorption 
measurements are used to determine the optical gap of the organic material which 
gives an estimate of the energy of singlet excitons formed in the organic material 
upon photoexcitation. Additionally, absorption measurements provide information 
about the absorption coefficient of the film. Absorpfion measurements can also be 
used to probe any ground state formations or charge transfer complex formations in 
donor-acceptor blend films [1,2]. The two absorption methods used in this work are 
spectrophotometry and photothermal deflection spectroscopy (PDS). 
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2..q.l SPECTROPHOTOMETRY 
In this method, the absorption coefficient of an organic film at a particular 
wavelength is determined by measuring the transmission of monochromatic light 
through the film (neglecting reflection). From this transmission (T) the absorption 
coefficient of the film can be determined from the Beer-Lambert Law. Basic 
equations and a diagram of the principles of the Beer-Lambert Law are shown in 
Figure 2.1. 
EQUATIONS: 
Sample 
/ T = ^ = e-"' (2.1) 
^IN 
A = l - T (2.2) 
a = (2.3) 
Figure 2.1; Diagram and relevant equations for spectrophotometry experiments. In this 
figure, i i n and I q u t represent the intensity of light incident on and transmitted through 
the sample respectively. The length of the sample (t) denotes the thickness of the 
organic film deposited on Spectrosil B substrates. Transmission (T) and absorption (A) 
are determined with the sample at normal incidence to the incoming light. Reflections 
are not considered in these measurements. Equation (3) is the definition of the 
absorption coefficient of the material at any given wavelength 1, a (X), which is given in 
cm'. 
From the Beer-Lambert Law shown in equation (2.1), the absorption coefficient, a, 
can be determined using equation (2.3). This value is given in cm"' and is a measure 
of the absoiption capability of this material at a particular wavelength. The 
equipment used in this study was a JASCO UV-visible spectrophotometer. A 
baseline was collected before measurements were made by placing a clean Spectrosil 
B substrate in the sample area. The JASCO spectrophotometer implements a duel 
beam to calibrate for the absorptions of the substrate. Thus, substrate absorptions are 
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cancelled out by the calibration and the resulting data gives a measure of the amount 
of light absorbed by the organic film. 
2..q.2 PHOTOTHERMAL DEFLECTION SPECTROSCOPY 
Photothermal deflection spectroscopy (PDS) is a very sensitive technique 
which measures the absorption of thin films from the local heating of the sample due 
to absorption of optical energy. PDS is particularly useful because it is insignificantly 
influenced by scattering or reflection. This technique was first introduced in 1980 [3, 
4]. Since that time, it has been used to investigate the detailed absorption of single 
crystals of fullerene derivatives [5], conjugated polymer films [6], and polymer-small 
molecule blend films [1,7]. For this experiment, the PDS sample is made by drop-
casting an organic solid film onto a quartz substrate resulting in thicknesses between 
2-4 microns. The organic film is fastened to a cuvette lid and is then submerged in a 
liquid-filled cuvette. The liquid medium, Fluorinert®, is characterized by a very large 
change in index of refraction with small changes in temperature and also by its 
transparency in the visible and infrared regions of the spectrum. The filled cuvette is 
then placed in the optical set-up for the PDS measurement. In this technique, a light 
beam with periodically modulated intensity is focused on the sample. The sample 
absorbs the light and subsequently produces a thermal wave that propagates into the 
surrounding liquid which creates a periodic change in the index of refraction of the 
liquid medium. These changes are probed by a HeNe laser which is parallel to the 
sample, perpendicular to the pump beam, and almost glancing off the surface of the 
organic film (as shown in Figure 2.2). When the index of refraction in the liquid 
medium changes, the HeNe laser beam is deflected and the angle of deflection is 
measured. The PDS deflection signal from the position sensitive detector are pre-
amplifled and are apphed to a lock in amplifier so that the amplitude of the PDS 
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signal is measured as well as the phase difference with the pump beam in order to 
enhance the resolution of the signal detection. The resulting deflection signal can be 
related to the absorption coefficient of the material by fitting the absorption 
coefficient of films, measured using standard spectrophotometry experiments, with 
the deflection signal measured in the PDS system. Figure 2.2 shows a diagram of the 
PDS set-up. 
Periodic 
deflection 
Pump Beam 
-'.J 
Sample 
HeNe Probe Laser 
Figure 2.2: D iagram of basic principles of photothermal deflect ion spectroscopy (PDS) 
measurement . A modulated p u m p beam excites the sample which has been submerged 
in the deflection m e d i u m (Fluorinert), which is characterized by a index of refraction 
that is very sensitive to temperature change. As the light is absorbed in the sample, a 
thermal wave propagates through the deflection medium, changing its index of 
refraction. This change in index of refraction is measured by the periodic deflection of 
the probe beam (HeNe laser) that is parallel to the sample surface. The deflection of the 
probe beam corresponds to the absorption in the film. 
2.4 PHOTOLUMINESCENCE STUDIES 
Photoluminescence (PL) measurements allow the experimentalist to determine 
the characteristics of emissive excited states formed in the organic blend film. 
Emissive states can be studied in the steady state when the sample is excited by a 
continuous illumination source, or the lifetime of these states can be probed using 
time resolved photoluminescence spectroscopy. 
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Comparative studies of the PL in organic donor-acceptor blend films with 
varying concentrations of electron acceptor can be used to determine the fraction of 
emissive donor states that decay nonradiatively due to the addition of the electron 
acceptor material to the electron donating material. This quantity is sometimes called 
the amount of 'PL quenching' of the electron donor emissive state due to the addition 
of the electron accepting material. PL quenching is a pre-requisite for charge 
separation in the blend film but does not rule out the possibility of other non-radiative 
decay pathways for the emissive states. 
2.A.1 STEADY STATE PHOTOLUMINESCENCE SPECTROSCOPY 
Steady state PL measurements were used in this work primarily to determine 
the donor-acceptor blend ratio that resulted in maximum PL quenching. The 
percentage PL quenching is defined using equation (2.4). 
% PL quenched = 1 ^ PL 
P/ 
= 100% (2.4) 
This quantity is typically defined at the wavelength of maximum donor emission. If 
there is significant PL quenching, it indicates that either charge separation occurs in 
the blend film or there is efficient energy transfer to another state or to ground via a 
non-radiative decay mechanism. PL quenching is considered to be a prerequisite for 
charge separation in blend films because it indicates that there is some non-radiative 
decay process that transfers energy away from the main emissive state of the donor 
material. Some of the polymer-small molecule blend systems that result in the most 
efficient organic solar cells to date exhibit 95 % - 99 % PL quenching [8, 9]. A 
diagram of the set-up for PL experiments is shown in Figure 2.3. 
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Figure 2.3: Photoluminescence (PL) measurement set-up. The monochromatic light 
source excites the sample and emission from the sample is collected in the detector 
which is positioned at a 90 degree angle from the incident light. The samples is placed at 
~ 45 degrees from normal in the sample chamber in order to reduce the amount of 
reflected light incident on the detector. 
The PL of the films was collected by exciting the film with a monochromatic light 
source at a wavelength approximately 10 nm less than the peak absorption of the film. 
The film was placed such that the incident beam struck it at an angle of approximately 
45 degrees. This was done to ensure that the maximum emission of the film was 
recorded by the detector and to reduce the influence of the reflection from the film on 
the end measurement. The emission from the film was recorded over a spectrum of 
wavelengths. For PL quenching studies, the measurement parameters, location and 
orientation of the sample were fixed to minimize differences in PL due to variations in 
measurement geometry between samples in the series. 
The equipment used for PL studies was a SPEX Fluoromax 
Spectrofluorometer. The illuminator in this system is a 150 W continuous output O3-
free Xenon lamp and the signal detector is a R928P photomultiplier tube (PMT) with 
dark counts < 1000 counts per second. 
2./1.2 TIME RESOLVED PHOTOLUMINESCENCE SPECTROSCOPY 
Time resolved photoluminescence spectroscopy is used to determine the 
lifetimes of the emissive excited states formed in organic blend films. To determine 
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the lifetime of the excited states, a 409 nm laser in continuous mode (Hamamatsu 
stabilized picosecond light pulser - product # C4725) and a streak scope (Hamamatsu 
Streak Scope - product # C4334) were employed. This equipment works as follows: 
The sample is illuminated by a continuous wave laser and the resulting emission from 
the sample is collected by a detector which channels this light to the streak scope. As 
light enters the 'tube' of the streak camera, it travels through the photocathode which 
proportionally converts incident hght to photoelectrons. The photoelectrons are then 
accelerated through the streak scope between a set of deflection plates. As the 
photoelectrons pass through the deflection plates, a high speed voltage sweep is 
applied that alters the trajectories of the photoelectrons such that those that enter the 
tube last result in the largest deflection. Thus, when the electrons impinge upon a 
phosphor screen, they are spread out in time and result in a two dimensional visual 
image. The spread of the image across the x-axis gives a measure of the spectral 
distribution of the detected light and the spread over the y-axis gives a measure of the 
distribution of light emission in time. An example output screen from the streak 
scope for a film of 5 wt% silole derivative (PyPySPyPy) in a polystyrene matrix is 
shown in Figure 2.4. 
2 0 - I 
1 5 -
1 0 -
0 - I 
4 5 0 5 0 0 5 5 0 600 6 5 0 
Figure 2.4: 5wt% PyPySPyPy in polystyrene on a 20 ns timescale. This is an example of 
a typical output screen from the streak scope set-up. The y-axis shows the distribution 
of emission in time (ns) and the x-axis shows the spectra distribution of the emission. 
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In order to glean useful information from the streak-scope output data shown 
in Figure 2.4, an IGOR program was used to integrate over wavelength or over time. 
By integrating over time, the decay of the excited species can be determined. By 
integrating over wavelength, the resulting spectrum should be equal to the steady state 
emission of the sample. Using IGOR, spectra can be segmented into bins (0-10ns, 10-
20 ns, etc) in order to observe if and how the spectrum changes over time. 
Conversely, bins over wavelength (400-420 nm, 420-440 nm, etc) can be observed to 
determine if the lifetimes vary according to wavelength, which might indicate that 
multiple excited species with distinct lifetimes are formed in a given material system. 
2.5 TRANSIENT ABSORPTION SPECTROSCOPY 
Transient absorption spectroscopy (TAS) is used to research films of polymers 
and dyes which are used for organic electronics applications. TAS measurements 
allow the decay kinetics of excited species in pristine organic films and donor-
acceptor blend films to be monitored. In this way, the dependence of the transient 
decay on pump beam intensity, film processing conditions, and blend film 
composition can be probed to better understand what factors influence recombination 
in the material systems[10]. The second important piece of information that can be 
obtained using TAS measurements is the transient absorption spectrum. This 
spectrum gives a signature of the excited species that are formed in the films and 
allows for a better understanding of the photophysical processes that go on in the 
material system[ 10, 11]. 
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In this study, transient absorption spectroscopy (TAS) measurements were performed 
using a microsecond to miUisecond transient spectrometer. The main components of 
this system are shown in Figure 2.5. For these measurements, a nitrogen laser 
pumped laser dye provides a 'pump beam' which excites the organic film with pulses 
of light at a chosen wavelength and pulse frequency. This creates excited species in 
the blend film. In transmission mode (Figure 2.5 (a)) a tungsten lamp provides a 
continuous 'probe beam' which probes the absorption of the excited species at a given 
wavelength in order to observe the lifetime of these states in the film. This lifetime is 
measured by the change in optical density of the probe beam after the application of 
each pulse of the 'pump beam.' 
(a) (b) 
Tungsten 
lamp 
Compute] 
Oscilloscone Sample 
Sample [ 
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Figure 2.5: Transient Absorption Spectroscopy set-up in transmission (a) and reflection 
(b) modes 
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The reflection mode TAS (or RTAS) measurements are similar to Figure 2.5 
(a) aside from the nature of the probe beam and nature of the sample. The probe 
beams used in reflection TAS measurements are laser diodes with wavelengths of 
either 830 nm or 980 nm. These probe beams are reflected off of a metal contact on 
the sample and thereby are used to measure the transient decay kinetics of the excited 
species in the blend film. 
In both RTAS and TAS measurements, the pump beam is produced by a 
LNIOOO Megaplus nitrogen laser which pumps a PTI dye laser and results in a ~ 20-
40 |iJ excitation for wavelengths ranging from 400 to 960 nm. This pump beam is 
focused on to the sample using an optical pipe. For TAS measurements, the probe 
beam is produced using a 150 W tungsten lamp which passes through two 
monochromators to select the desired probe wavelength. The use of two 
monochromators minimizes the amount of scatter from the pump beam which reaches 
the photo detector. In order to filter the signal appropriately, the high gain photodiode 
is equipped with high and low pass filtering and was coupled to a GOULD 475 digital 
storage oscilloscope and a computer. The voltage signal measured at the 
photodetector relates to the fractional change in the optical density (OD) of the 
sample by equation 2.5. 
m - m ^ 10-°°" '-10-™" ^ 
K(0) 10-°°"" ' ' 
Since we know that for small values of x, 10"* « 1 - xlnlO, then 
• ^ ^ = l -AOZ)*lnlO-l = AOZ)*lnlO (2.6) 
r(0) 
or, equally, we can say that 
= 2.303 (2.7) 
F(0) 
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So, the change in voltage is linearly proportional to AOD for small changes in optical 
density. Since the change in transmission is proportional to the change in voltage, we 
can also say that AOD is proportional to AT/T for small changes in AOD. 
The data for TAS measurements was collected as follows. First, the transient 
absorption spectrum was recorded for the solid film by averaging 100 counts at a 
given probe wavelength at 4 Hz over a spectrum of wavelengths at < 20 nm intervals. 
Such spectra were normally taken on the 1 jus timescale and were analyzed later to 
produce a transient absorption spectrum. It should be noted that since the system was 
pulsed at 4 Hz, four readings per second were averaged within the oscilloscope before 
being sent to the computer program. Transient absorption spectra were not able to be 
determined in the RTAS set-up due to the limited variety of probe wavelengths 
After the transient spectrum was obtained, the probe beam was set to a 
selected wavelength and the change in absorbance at the probe wavelength was 
measured on different timescales covering time intervals from Ijis to 1 ms. 
Absorbance measurements were averaged over 300 -1000 counts at 4 Hz. 
2.6 ATOMIC FORCE MICROSCOPY 
The atomic force microscope was developed by Binnig et al in 1986 as a 
complimentary scanning probe method to scanning tunneling microscopy (STM) [12]. 
The AFM technique is advantageous because it has the flexibility to image a wide 
variety of sample types, including biological samples in liquid media and 'hard and 
soft' samples in air. The reason for AFMs' flexibility is because it can be operated in 
contact and non-contact modes. In contact mode, the AFM tip gently touches the 
surface of the sample as it is scanned across the surface. A laser detection 
interferometer system monitors the change in the height of cantilever tip which is 
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directly related to the force between the tip and the sample. (See Figure 2.6.) Since 
contact mode measurements can damage the surface of very soft material films (like 
polymers), they are best suited to measure inorganic semiconductor surfaces and 
biological components in liquid media. 
In the non-contact mode AFM method [13], the tip is made to vibrate at very 
close proximity to the sample. The laser detection system can monitor the oscillation 
of the tip and how it varies when it interacts with the surface. In this way, the 
distance between the tip and the sample are kept constant and variations in the surface 
height of sample are given by differences in the tip oscillation as the probe scans 
across the surface. Non-contact AFM measurements are suitable for soft materials, 
such as organic films, because the technique does not damage the surface of the film. 
In this study, the Burleigh personal SPM was operated in non-contact mode in 
order to obtain images of the surface morphology of organic blend films. A diagram 
of the basic components of the AFM is shown in Figure 2.6. 
Mirror 
Sample 
Photo-/ ^ 
Laser detector 
P i e z o c e r a m i c 
scanne r 
Cantilever and 
tip 
Feedback 
Control 
Computer 
Figure 2.6: Diagram of the basic components of the Burleigh personal scanning probe 
microscope 
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2.7 DEVICE FABRICATION AND TESTING 
Devices made in this study were all layered, horizontal stinctures built up 
from indium tin oxide (ITO) coated glass substrates that were 12 mm x 12 mm. The 
resulting device area was 4.2 mm .^ A diagram of the device structure is shown in 
Figure 2.7. 
(a) (b) 
Metal Cathode 
I T O 
CT A SS 
Figure 2.7: (a) Top-down view of device structure used for solar cells and LEDs with six 
devices defined by the shadow mask with areas of 4.2 mm .^ (b) Side view of solar cell 
device structure. LED structure is identical except the cathode is calcium/aluminium 
instead of simply aluminium. 
2.7.1 SOLAR CELL FABRICATION 
The procedure for fabrication of solar cells and OLED devices consists of four basic 
steps; 
1) ITO substrate cleaning, 
2) Application of hole-injection layer (PEDOTiPSS) 
3) Polymer blend layer (active layer) deposition, and 
4) Evaporation of metal electrode. 
First, the ITO substrates are cleaned in an ultrasonic bath in acetone for 10 
minutes and iso-propanol for 10 minutes. After cleaning, each substrate is dried with 
a stream of air. 
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Next, poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) aqueous 
dispersion (PEDOTrPSS) was applied to the ITO substrate. This layer serves as a 
hole injection layer that produces a smooth surface on top of ITO so as to reduce 
shorting in the device and also increase the work function of the anode to facilitate 
hole collection at the electrode. The PEDOT:PSS material was supplied by Starck 
Chemicals. The PEDOT:PSS type used for solar cell devices was Baytron P VP CH 
8000. To apply the PEDOT:PSS films, the Baytron P solution was measured out 
using a pipette and placed into a glass vial. Next, isopropylalcohol (IPA) was added 
to the Baytron P solution so that the solution was 1:9 IPA:Baytron P. The IP A was 
added to improve the ability of the film to wet the ITO substrate surface. Next, the 
IPA:Baytron P solution was heated at 70°C for approximately 10 minutes while the 
ITO substrates were heated at 140°C for the same amount of time. Taking the 
substrates directly from the hot plate, they were placed onto the spin coating table and 
~ 100 p,L of the hot Baytron P:IPA solution was applied to the ITO substrate. The 
films of Baytron P VP CH 8000 were spin cast at 2000 rpm for 60 seconds while the 
films of Baytron P VP A1 4083 were spin cast at 1000 rpm for 80 seconds. The 
deposited PEDOT:PSS films were baked at 140°C for 30 minutes in air directly after 
spin coating to remove any water from the film. 
After the PEDOT;PSS films had been applied, the active layers of the solar 
cells were applied via spin coating using speeds ranging from 1000 - 2000 rpm for 20 
- 60 seconds. This resulted in films with thickness from 80 to 150 nm depending on 
solution composition. After the active layers were applied, the films were soft baked 
in air at 50°C for 30 minutes. 
Finally, the metal contacts were deposited onto the sample via vacuum 
evaporation. The metal, typically aluminium for solar cells, was deposited at 3 x 10"^  
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mbar at very slow deposition rates (0.1 nm/s) for the first 10 nm and then faster rates 
for the remaining layer. Layer thicknesses for metal electrodes usually ranged from 
70-100nm. 
2.7.2 LIGHT EMITTING DIODE fLED) FABRICATION 
The fabrication of light emitting devices is identical to the fabrication of solar 
cells except for two processing steps. First, the PEDOT:PSS layer that is used for 
LEDs is 4083 grade. It is prepared in an identical manner to the 8000 grade 
PEDOT:PSS used for solar cells but is spin coated at 1000 rpm for 80 seconds. Then, 
the films are heated for 15 minutes at 140 ° C, as mentioned above. The electrodes 
for LEDs are deposited using vacuum evaporation but require a two layer cathode to 
enhance electron injection into the device. In this work, Calcium/Aluminium 
electrodes were deposited onto LED structures with thicknesses of 20 nm and 100 nm 
respectively. The contacts were deposited such that they defined six devices with 
areas of 4.2mm^, identical to the geometry of solar cell devices used in this study. 
2.7.^ SOLAR CELL AND LIGHT EMITTING DIODE TESTING 
The EQE and I-V characteristics of solar cell devices were determined using a 
set-up that is schematically represented in Figure 2.8. 
Lens Sample 
Computer Potentiostat Monochromator 
Figure 2.8: Schematic of device testing rig used for EQE and I-V solar cell 
measurements. 
The devices were placed into a home built sample chamber with a quartz or 
plastic cover hd. The EQE measurements were made by exciting the device using a 
100 W Xenon lamp, which was powered by a Bentham 505 stabilized power supply. 
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All of the device measurements in this study were investigated using monochromatic 
light to determine the external quantum efficiencies and power conversion efficiencies 
(PCE) that are reported. The light from the lamp was passed through a CMl 10, 1/8 
monochromator. This monochromator was controlled by a labview computer 
program. Current-voltage measurements were taken using a computer controlled 
Keithley 237 high voltage source measurement unit. The Keithley was also used to 
record the photocurrent produced for EQE measurements. This measurement of 
photocurrent was converted to external quantum efficiency using equations explained 
in Chapter 1. It should be noted that the silicon photodiode calibration that is 
necessary for EQE calculations was measured at each device testing session to ensure 
that the location of the photodiode and light incident on the photodiode was the same 
as that for the devices that were tested. 
Light-emitting devices were tested to determine their light output in candela 
per square meter (cd/m^) and current-voltage characteristics using a luminance meter 
camera (Top-con BM-9) and Keithley (2410 1 lOOV Source meter) set-up. For this 
measurement, the luminance meter was focused onto the LED pixel which was to be 
measured. As the Keithley was used to control and record the voltage and current in 
the device, the luminance meter simultaneously measured the light output in candela 
per square meter. The data was collected using a labview program. 
2.8 CYCLIC VOLTAMMETRY 
Cyclic voltammetry is used in order to determine the energy of the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) in organic materials. In this method, the electrochemical current is produced 
by a voltage sweep across the electrodes of a cell containing an electrolytic medium 
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and a dissolved sample (an analyte) is measured. The applied voltage varies the 
energy of electrons at the solution-electrode interface in the electrolytic solution. 
When electrons reach an energy which is high enough to occupy vacant orbitals in the 
molecule being studied (the analyte), they will flow into that orbital creating a current 
called the 'reduction current.' When electron energies are lowered at the electrode by 
applying a more positive potentials, electrons that once had occupied the highest 
occupied molecular orbital (HOMO) in the molecule will find it more favorable to 
vacate their orbitals and transfer to the solution [14]. This transfer of electrons is 
called the 'oxidation current.' A schematic describing this mechanism is shown in 
Figure 2.9. 
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Figure 2.9: Schematic diagram of the electrochemical process in cyclic voltammetry 
measurements. As the potential on the electrode is made more negative, the energy of 
the electrons is increased to a point where they are able to transfer to an unoccupied 
orbital in the molecule. This current is recognized as a 'reduction current.' As the 
energy of the electron is decreased at more positive potentials at the electrode, electrons 
from occupied molecular orbitals may transfer to the electrolytic medium . The 
resulting current is called the 'oxidation current.' (This diagram is reproduced from 
[14].) 
By sweeping a voltage in an electrolytic medium, a faradaic current will be 
produced, which involves the transfer of electrons from the solution to the electrode 
[14]. From changes in the faradaic current as a function of applied potential, the 
oxidation and reduction potentials of an analyte can be detennined. A three electrode 
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cell is used for this purpose and is depicted in Figure 2.10. The three electrodes used 
in this method are the working electrode (WE), reference electrode (RE), and counter 
electrode (CE). 
Potentiostat 
Figure 2.10: Diagram of the three-electrode cell used for cyclic voltamraetry 
experiments. The electrodes used in this experiment are a platinum counter electrode 
(CE), a platinum disc working electrode (WE), and an AgAgNOs reference (RE). 
The working electrode, which typically has a small surface area on which 
electrochemical processes can occur, is the electrode that is monitored to probe the 
electrochemical characteristics of the analyte. The potentiostat is used to control the 
voltage on the WE and the applied voltage is monitored by the RE. The CE is present 
simply to complete the current circuit. By changing the current which flows through 
the WE-CE circuit, the potentiostat maintains the voltage difference between the WE 
and RE. 
Electrochemical measurements in this study were conducted on solutions that 
contained 2 mM of the analyte and 0.1 M of the supporting electrolyte, 
tetrabutylammonium perchlorate (TBAP), in a 1:1 Dichloromethane/Acetonitrile (v:v) 
solution. Solutions were bubbled-through with argon gas for 10 minutes before each 
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measurement to remove oxygen and water from the solution and scan speeds between 
0.05 and 1 V/s were used. It should be noted that cyclic voltammetry measurements 
can be measured on films as well as solutions. Solutions were selected for this study 
because films of small molecules (such as silole derivatives) do not make uniform 
films and may therefore not result in accurate and reproducible electrochemical 
measurements from films. 
In order to relate the oxidation potential of a material to its highest occupied 
molecular orbital (HOMO) energy, an empirical method is employed in the literature. 
Since the well studied ferrocene couple is known to relate to a HOMO level of 4.8 eV 
below vacuum level, the HOMO energy of the analyte, x, can be calculated according 
to following eCJUation. E h O M O X ~^ (Eoxonset_X vs. AgAgNo3 Eoxonsct_Fc/Fc+ vs AgAgNos) 
4.8 eV [15-17] where Eoxonset x vs. AgAgNos is the onset of oxidation of the analyte and 
Eoxonset_Fc/Fc+vs AgAgNo3 is the onset of oxidation of the ferrocene. 
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Chapter 3 
Formation of ground state charge transfer complex in 
polyfluorene : PCBM blend films and its role in the 
function of polymerPCBM solar cells 
sTi ABSTRACT 
Evidence is presented for the formation of a weak ground-state charge transfer 
complex in blend films of poly [9,9 - dioctylfluorene-co-N-(4-methoxy-phenyl) 
diphenylamine polymer (TFMO) and [6,6] - phenyl Cei butyric acid methyl ester 
(PCBM), using photothermal deflection spectroscopy (PDS) and photoluminescence (PL) 
spectroscopy. Comparison of this polymer blend with other polyfluorene 
polymerrPCBM blends shows that the appearance of this ground-state charge transfer 
complex is correlated to the ionization potential of the polymer, but not to the optical gap 
of the polymer or the surface morphology of the blend film. Moreover, the 
polymer:PCBM blend films in which this charge transfer complex is observed also 
exhibit efficient photocurrent generation in photovoltaic devices, suggesting that the 
charge transfer complex may be involved in charge separation. Possible mechanisms for 
this charge transfer state formation are discussed as well as the significance of this 
finding to the understanding and optimization of polymer blend solar cells. 
3^2 BACKGROUND AND INTRODUCTION TO CHARGE 
TRANSFER COMPLEXES 
As mentioned in Chapter 1, a critical question for the optimization of organic 
donor-acceptor heterojunction device design is the size of the offset between the HOMO 
(or LUMO) levels of the two materials that is required for charge separation. This 
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chapter addresses this question through studies of the optical, morphological, and device 
characteristics of polyfluorene polymer:PCBM blend films as a function of the ionization 
potential of the polymer. 
In the polymer:PCBM blends which have resulted in the highest power 
conversion efficiencies to date, namely poly[2- methoxy-5-(3',7'-dimethyloctyloxy)-l-4-
phenylene vinylene (MDMO-PPV) : PCBM and poly-3-hexylthiophene (P3HT) : PCBM, 
the offset of LUMO energies of the donor (polymer) and acceptor (PCBM) differ by 0.7 
and 1 eV respectively and the offset of HOMO energies between donor and acceptor 
differ by over 1 eV using reported values of ionization potential and electron affinity for 
materials. These HOMO/LUMO values are 5.3 eV/3.0 eV[l, 2], 4.9 eV/3.0 eV[3], and 
6.1 eV/3.7 eV[3, 4] for MDMO-PPV, P3HT, and PCBM respectively. These energy 
level offsets are likely to be in excess of the offset required for charge separation, and 
therefore lead to a sub-optimal output voltage. Theoretical considerations suggest that the 
minimum energy level offset needed for charge separation is in the range of 0.3 eV[5] to 
0.5 eV [6]. 
Traditionally, the mechanism of charge separation has been considered to be a 
single step electron transfer from photoexcited donor to neutral acceptor, resulting in 
separate charges, with a rate that depends upon the polarizing effect of the local electric 
field and the density of states for fi-ee charges [7]. Additionally, it has been proposed that 
an interfacial dipole formation at the donor-acceptor interface assists charge separation in 
blend films[8]. A more recent range of reports propose that the process involves one or 
more intermediate steps, in the formation of a Coulombically bound polaron pair which 
may itself relax into a heterogeneous, radiatively active, excited state sometimes termed 
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an "exciplex". Evidence for such intermediate states has been provided by researchers in 
Cambridge who report long wavelength emission from polymer blends and attribute this 
to the decay of an exciplex state that competes with charge separation [9-11]. 
Mihailetchi and co-workers propose that a polaron-pair intermediate state with a 
permittivity dependent dissociation rate exists, in order to explain the experimentally 
observed influence of PCBM concentration on the photocurrent of MDMO-PPV:PCBM 
solar cells [12]. Additionally, Veldman et al have shown that the energy of an 
intermediate charge separated state that is formed in polymer:polymer blends determines 
whether charge separation is favoured over polymer triplet formation [13]. This charge 
separated state exhibits a red shifted emission feature in the blend film (similar to 
exciplex emission) and is believed to have an energy that is governed by the reduction 
potential (LUMO) of the acceptor and oxidation potential (HOMO) of the donor [13, 14]. 
The existence of any such additional, intermediate state at the donor-acceptor interface, 
such as those discussed above, will have important consequences for the efficiency of, 
and conditions for, charge separation. 
The presence of hybrid donor-acceptor interfacial states with radiative coupling to 
the ground state would result in additional features in both the optical absorption and 
emission spectra of the blends. Although initial reports generally concluded that the 
optical absorption spectra of photovoltaic blend films were a simple addition of the 
spectra of the component donor and acceptor materials, recent photothermal deflection 
spectroscopy (PDS) measurements have revealed the presence of additional, composition 
dependent, long wavelength absorption in blend films of MDMO-PPV:PCBM and 
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P3HT;PCBM [15, 16], It has not yet been estabhshed whether such optical features are 
related to the process of charge separation. 
In this chapter, we study the correlation between such long wavelength optical 
features and charge generation by studying a series of polymeriPCBM blends using 
polyfluorene polymers with different ionization potentials. We study photoluminescence 
quenching in blend films and photocurrent generation by devices, and establish that 
charge separation is influenced by the HOMO level offset. We then use 
photoluminescence spectroscopy and PDS absorption measurements to demonstrate the 
presence of non-additive ground state absorption and long wavelength emission for those 
materials systems which also show photo-induced charge separation. We conclude from 
this study and from comparison with previously studied systems that a charge transfer 
complex can be formed in polymer:PCBM films and that the energy of this state depends 
on the ionization potential of the polymer. This complex may contribute to charge 
separation by providing a stable state that assists the separation and recombination of 
charge pairs in the blend film. 
3.3 EXPERIMENTAL METHODS 
All of the polymer:PCBM films used for this experiment were spin coated from 
20mg/ml chlorobenzene solutions and fabricated in a clean room environment in air. For 
photoluminescence (PL) and AFM measurements, the films were spin coated on 
spectrosil B quartz substrates (Kaypul Optics Ltd) which were cleaned in an ultrasonic 
bath of acetone for 10 minutes followed by a bath of iso-propanol for 10 minutes before 
being dried using a flow of air. Spin coating at 1500 rpm for 30 seconds yielded films 
that were between 80 nm and 100 nm thick. Photoluminescence measurements were 
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carried out using a Fluoromax-3 spectrometer (Jobin-Yvon). Low temperature 
photoluminescence measurements were carried out by mounting the sample on to a liquid 
nitrogen-filled cold finger. 
Solar cell devices were fabricated using Indium Tin Oxide (ITO) (25 H/cm^) 
substrates that were carefully cleaned in ultrasonic baths of acetone and iso-propanol and 
dried as above. Poly (3,4-ethylenedioxythiophene) poly(styrenesulfonate) aqueous 
dispersion, or PEDOT:PSS, (Baytron P VP CH 8000 grade, HC Stark) layers were spin 
coated at 2000 rpm for 60 seconds onto the ITO substrates and were soft-baked in air at 
140° C for 15 minutes. Polymer:PCBM films were then deposited by spin coating at 
1500 rpm for 30 seconds on top of the PEDOT:PSS layer, followed by a soft baking in air 
at 50° C for 30 minutes. Finally, aluminum contacts were applied via thermal 
evaporation through a shadow mask at 3x10"® mbar to a thickness of -lOOnm, defining 
six devices of 4.2 mm^ on each substrate. Photocurrent quantum efficiency and 
monochromatic current-voltage characteristics were measured using a setup consisting of 
an electrometer (Keithley 237), monochromator (Oriel CVI CM 110), and Xenon lamp 
(150 W). 
Films for the photothermal deflection spectroscopy (PDS) measurements were 
drop cast from the same chlorobenzene solution onto quartz substrates to form thick (1.0 
to 8.0 |im) films. The PDS measurements were carried out in the Institute of Materials 
Research (IMO), Diepenbeek, Belgium. The experimental details of the technique have 
been explained in Chapter 2. 
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3.4 RESULTS AND DISCUSSION 
q.zi.i MATERIALS 
Figure 3.1 shows the chemical structures, electron affinities, and ionization 
potentials of the materials used in this experiment. The electron donors are poly [9,9 -
dioctylfluorene-co-N-(4-methoxy-phenyl) diphenylamine (TFMO), poly(9,9-
dioctyylfluorenyl-2,7-diyl) (PFO), poly (9,9-dioctylfluorene-co-benzothiadiazole) 
(F8BT). In all cases the electron acceptor is PCBM. This set of materials provides a 
range of HOMO level offsets from 0.2 eV (for F8BT:PCBM) to 0.9 eV (for 
TFMO:PCBM), according to the reported ionization potentials of the component 
materials. 
F8BT 
TFMO 
PCBM 
Energy 
(eV) 
Figure 3.1: Chemical structures (upper panel) and HOMO and LUMO energy levels (in 
electron volts) (lower panel) of the polyfluorene polymers used in this experiment (TFMO, 
PFO, and F8BT) and of PCBM. TFMO, PFO, and F8BT have LUMO (HOMO) values of -
2.2 eV (-5.2 eV)[17], -2.6 eV (-5.8 eV), and -3.5 eV (-5.9 eV) [18] respectively. 
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•q.^.2 PHOTOLUMINESCENCE OF RT.KND FIT MS 
In polymer:PCBM blend films made with each of the three polymers shown in 
section 3.4.1, over 97% of the photoluminescence (PL) relative to the pristine polymer 
was quenched upon addition of 5 wt.% PCBM to the blend film. When examined 
closely at longer wavelengths, the PL spectra of the three blend films with 5 wt% PCBM 
are significantly different. As seen in Figure 3.2, emission is present at approximately 
720 nm in the PFO:PCBM and F8BT:PCBM blends when the blends are excited at 340 
nm. This can be assigned to the emission from the PCBM singlet state[19]. No emission 
is observed at 720 nm in the TFMOrPCBM blend. Instead, a very weak emission is 
observed around 800 nm as seen in Figure 3.3. Therefore, while the magnitude of the 
quenching of the dominant polymer emission is similar for all three polymer:PCBM 
blends, it appears that two different mechanisms are at work. In the case of PFO:PCBM 
and F8BT:PCBM blends, energy transfer to the PCBM singlet state occurs. The 720 nm 
emission cannot be explained by direct excitation of the PCBM alone, because the PCBM 
component at these blend compositions absorbs less than 10% of photons at 340 nm, and 
emission from PCBM is extremely weak even in pristine films. Separate studies of the 
photoinduced absorption of polymeriPCBM blends also indicate the formation of the 
PCBM triplet in F8BT;PCBM [20] and PFO:PCBM blend films (see Chapter 4), 
apparently resulting from intersystem crossing from the PCBM singlet state. In contrast, 
for TFMO:PCBM blends, the emission from the PCBM singlet state is absent, as is any 
significant signal due to the PCBM triplet state in the photoinduced absorption spectrum 
(Chapter 4). Instead, a new, longer wavelength emission is observed. It should be noted 
that the 800 nm emission from the TFMOiPCBM blends was observed when excited at 
340 nm, where both polymer and PCBM absorb, but was absent when the blend was 
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excited at 575 nm, where only PCBM absorbs. This suggests that the 800 nm emission 
band may be coupled to the excitation of the TFMO. However, it should be noted that 
the absence of the 800 nm emission band at 575 nm excitation does not directly indicate 
that excitation of the PCBM does not lead to the state that emits at 800 nm. This result 
may simply be due to the weak absorption of PCBM at 575 nm and the very weak 
emission of the low energy state itself Thus, the low energy emission may be coupled to 
the TFMO absorption, but more sensitive tecliniques are required to determine what 
contribution PCBM absorption has to the presence of the 800 nm emission band. 
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Figure 3.2: Photoluminescence emission from blend films of F8BT:PCBM (open circles), 
PFO:PCBM (filled triangles), and TFMO:PCBM (full line) containing 5 wt% PCBM, all 
excited at 340 nm. F8BT:PCBM and PFO:PCBM films show emission from the PCBM 
singlet state (720 nm) while no PCBM singlet emission is observed from the TFMOiPCBM 
blend. 
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Figure 3.3: Steady state photoluminescence spectrum of pristine T F M O (full line) and a 5 
w t % T F M O : P C B M blend f i lm (dashed line) excited at 340 nm. The inset shows the 
photo luminescence of the 5 % P C B M / T F M O sample at temperatures ranging from - 8 0 K to 
273 K. The w e a k emission at 800 nm seems to be weakly temperature dependent. 
In addition to being coupled to the emission of the TFMO, the emission band at 
800 nm seems to vary slightly according to the temperature as shown in the inset of 
Figure 3.3. When temperatures are high, the emission at 800 nm is weaker. At low 
temperatures, the emission at 800 nm is enhanced. Also, as the PCBM concentration in 
the TFMO/PCBM blend film increases (tested in this study at 50 wt % and 80 wt%), the 
weak emission at 800 nm is quenched completely. 
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•q.zj.q PHOTOVOLTAIC DEVICE CHARACTERISTICS 
In order to determine whether charge separation occurs in the aforementioned 
polymer blends, solar cell devices were fabricated with the layer structure glass /ITO/ 
PEDOT:PSS / blend film /A1 (Fig. 3.4(c)) and the photocurrent external quantum 
efficiency (EQE) was measured. The device composition was first optimised by studying 
devices with different ratios of donor to acceptor and optimum photocurrent generation 
was obtained for blends containing 80 wt% PCBM in all cases. EQE spectra for devices 
made from blends containing 80 wt% and 50 wt% PCBM are shown in Figure 3.4 (a) and 
(b). These results show that neither the PFO:PCBM nor the F8BT:PCBM blend film 
devices result in any appreciable photocurrent generation at 50 wt% or 80 wt% PCBM in 
the blend. This is not surprising in view of the evidence for energy transfer to the PCBM 
singlet state followed by non-radiative decay in these blend films as reported earlier. In 
contrast, TFMO:PCBM blend devices show an EQE that is almost an order of magnitude 
larger than the other material combinations, indicating that photo-induced charge 
separation occurs in TFMO:PCBM blends. Figure 3.4 (c) shows the device structure for 
these solar cells and Figure 3.4 (d) shows the current-voltage characteristics of devices 
made from blend films containing 80 wt% PCBM excited with monochromatic light at 
400 nm (10 mW/cm^). 
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Figure 3.4: External quantum efficiency (EQE) of solar cells made from blend films of 
F8BT:PCBM (open circles), PFO:PCBM (filled triangles), and TFMO:PCBM (full line) 
containing (a) 80 wt% PCBM and (b) 50% PCBM. (c) Device architecture of 
polyfluorene:PCBM solar cells, (d) Current-voltage characteristics of solar cells made from 
80 wt%PCBM and 20 wt% polymer illuminated at 400 nm. The TFMO:PCBM devices 
produce a photocurrent one order of magnitude larger than the other devices. 
Thus, in PFO:PCBM and F8BT:PCBM blend films, photoinduced excitations are 
quenched via energy transfer to the PCBM while for TFMO:PCBM blends excitations are 
quenched by charge separation. The absence of significant charge separation in 
PFOiPCBM and F8BT:PCBM films could be expected from the relatively low HOMO 
level offset for these two combinations, which at 0.2 eV for F8BT:PCBM and 0.3 eV for 
PFO:PCBM, are smaller than the values typically quoted as necessary for charge 
separation[5, 6], The appearance of a new long wavelength emission only in the case 
where charge separation occurs was unexpected, and suggests the fonnation of a charge 
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transfer state that may be active only for certain alignments of the donor and acceptor 
energy levels. 
PHOTOTHERMAL DEFLECTION SPECTROSCOPY 
MEASUREMENTS 
In order to further probe the existence and properties of this new charge transfer 
state, sensitive absorption measurements using photothermal deflection spectroscopy 
(PDS) were conducted on all three blend films. The rationale is that if emission from this 
charge transfer state is optically allowed, then an absorption feature corresponding to this 
state should also be present. The results of the PDS measurements are shown in Figure 
3.5. 
97 
(a) 10 (b) 10 
1,6 2.0 2.4 
Energy (eV) 
(c) 10 
E 
o 
2.0 2.4 
Energy (eV) 
1.6 2.0 2.4 
Energy (eV) 
Figure 3.5: Absorption spectra of (a) F8BT:PCBM (b) PFO:PCBM and (c) TFMO:PCBM 
blend films as determined by photothermal deflection spectroscopy (PDS). The different 
curves in the graph correspond to pristine PCBM (crosses), 80 wt% PCBM (down-turned 
open triangles), 50 wt% PCBM (open diamond), 20 wt% PCBM (open up-turned triangles), 
5 wt% PCBM (open circles), and pristine polymer (open squares). The PDS data were 
converted to absolute units (absorption coefficient cm"') by matching to absorption 
coefficient spectra obtained from reflection/transmission measurements (solid symbols in 
(c)). The TFMOzPCBM blend shows a broad absorption band between 1.3 and 1.6 eV that 
cannot be attributed to either PCBM or the pure polymer, while PFO:PCBM and 
F8BT:PCBM do not. 
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As seen in Figure 3.5(c), a weak, broad, absoi-ption band appears in 
TFMOiPCBM blends between 1.3 - 1.6 eV. (No such low energy, non-additive 
absorption is observed in the blend films of PFOiPCBM and F8BT:PCBM). This band in 
TFMOiPCBM appears where the absoiption of both the polymer and fullerene is less 
than 1 cm"' and therefore it cannot be attributed to the absorption of either of the blend 
components. A similar absorption band has been observed in MDMO-PPV:PCBM and 
P3HT:PCBM films when investigated using PDS [15, 16]. For the aforementioned 
systems, the non-additive absorption was attributed to a ground-state charge transfer 
complex (CTC) [21] because the sub-gap absorption could not be attributed to either the 
donor or acceptor in the blend film. The possibility that this effect is due to a CTC in this 
case will be discussed in section 3.4.6. 
SURFACE MORPHOLOGY OF BLEND FILMS 
In order to establish whether the absorption features for different blend films seen 
in the PDS measurements could be explained by differences in morphology, we studied 
the surface morphology of all three blend films using atomic force microscopy (AFM) as 
shown in Figure 3.6. 
TFMOrPCBIVl P F O : P C B M F 8 B T : P C B M (a) (b) flDMniH (c) 
Figure 3.6: Atomic force microscopy (AFM) images of the surface morphology of 
polyfIuorene:PCBM blend films containing 50 wt.% PCBM. The TFMO:PCBM (a) and 
F8BT:PCBM (c) films show very smooth morphology while the PFOrPCBM (b) film shows 
phase segregation with large (~ 100 nm) domain formation. 
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The TFMO:PCBM and F8BT:PCBM blend films show very smooth surface 
morphology, while the PFO:PCBM blend film shows large scale (~100nm) aggregation. 
Similar morphological behavior has been reported for F8BT:PCBM and PFO:PCBM 
blend films using chloroform as a solvent (chlorobenzene was used for the films in for 
the films represented in Figure 3.6) [22]. Since TFMO:PCBM and F8BT:PCBM both 
have similar morphologies but do not both show non-additive absorption in the PDS data, 
the non-additive absorption at low energies does not appear to be directly correlated to 
the morphology of the blend fihns. As fiirther proof, MDMO-PPV:PCBM blend films, 
which have shown low energy, non-additive, PDS absorption even at low PCBM 
concentrations, also show phase segregation in varying degrees, depending upon solvent 
and the PCBM content in the blend [16, 19]. Therefore, surface morphology does not 
seem to play a role in the appearance of sub-gap absorption in polymeriPCBM blends. 
3 .4 .6 DISCUSSION OF CHARGE SEPARATION IN POLYMERiPCBM 
BLEND FILMS 
In this section, the origin of the sub-gap absorption in the TFMO:PCBM blend 
films is discussed. To summarize the findings up to this point. Table 3.1 lists the optical, 
morphological and device properties observed in polymer:PCBM blend films in this work 
and includes the reported polymer ionization potentials. Equivalent observations for 
P3HT:PCBM and MDMO-PPV:PCBM blend films are shown for comparison. 
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Table 3.1: Summary of the long wavelength absorption and emission, morphology, 
ionization potential and photocurrent generation efficiency of several polymer:PCBM 
blends 
Polymer Film 
Low energy 
absorption 
(PDS) 
Emission 
> 800 nm 
(PL) 
Clusters in 
Morphology 
Ionization 
potential 
(eV) 
Photocurrent 
generation 
P3HT:PCBM Yes[15] N/A Yes[23] 4.9 GOOD 
MDMO-
PPVrPCBM 
Yes[16] N/A Yes[19] 5.26 GOOD 
TFMO:PCBM Yes Yes No 5.2 GOOD 
PrO:PCBM No No Yes[22] 5.8 POOR 
F8BT:PCBM No No No[22] 5.9 POOR 
Before considering the possible existence of a CTC, we first address three other 
possible explanations for the observed sub-gap absoiption: (i) that the feature is due to 
photoinduced polarons created during the measurement, (ii) that it results from the 
morphology of the blend film, and (iii) that it results from charge traps formed in the 
polymer matrix upon interaction with the PCBM. 
First we consider whether this new band could be due to absoiption by polarons 
photogenerated by light from the deflection laser in the PDS measurement. In a recent 
study, Goris et al [15, 24] investigated MDMO-PPViPCBM blends using constant 
photocurrent method (CPM) measurements which probe the sub-band gap states that give 
rise to free charge carriers when excited. In the CPM measurements, the spectrum is 
scanned from low to high energies such that no photoinduced charges should be present 
while probing the sub-band gap spectral range. The low energy, non-additive absorption 
1 0 1 
band is present to a similar degree in spectra obtained by both PDS and CPM 
measurements, and therefore, the feature cannot be photoinduced in nature. Thus, 
photoinduced polaron absorption can be disregarded. 
Secondly, the proposal that the sub-gap absorption is controlled by morphology of 
the film can be ruled out by considering the data in section 3.4.5 which shows no 
correlation between the non-additive absorption and the surface morphology of the blend 
film. 
Now we consider the hypothesis that the non-additive absorption is due to trap 
states created in the polymer as a result of PCBM addition, e.g. through changes in 
polymer chain conformation. Several arguments oppose this. First, absorption due to 
such physical defects would be expected at energies close to the optical gap of the 
polymer, yet in the TFMO:PCBM blend the additional absorption appears at an energy 
over 1 eV below the optical edge. Second, if this absorption were due to traps in the 
polymer then non-additive absorption may be expected in other blend films made with 
polymers of similar chemical structure, yet no such effect is observed in the chemically 
similar PFO:PCBM and F8BT:PCBM blend films. Finally, if the charge trap density 
increased with increasing PCBM content then poorer charge transport would be expected 
in the blend films than in the pristine polymer. However, in the case of MDMO-PPV, 
(which also shows non-additive absorption upon PCBM addition) charge mobilities 
increase by two orders of magnitude upon PCBM addition [12, 25], which strongly 
indicates that charge traps are not introduced into the polymer by blending with PCBM. 
For these reasons, the non-additive absorption features cannot be explained in terms of 
charge traps created upon blending. 
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Thus, we argue that the additional absorption results from the formation of a 
charge transfer state involving the TFMO and PCBM components. 
Now we consider the relationship between the non-additive absorption and 
polymer ionization potential. From Table 3.1, it is clear that photocurrent generation is 
correlated to both the ionization potential of the polymer and the low energy absorption 
seen in PDS measurements. It is therefore possible that the long wavelength absorption 
and emission are due to a CTC formed between the HOMO of the polymer and the 
LUMO of the PCBM, and which is optically coupled to the ground state. This feature can 
be quantified by the energy difference A E C T C = ELUMO,A - EHOMO.D- For TFMO:PCBM, 
A E C T C ^ 1.50 eV. The additional PL is observed between 1.45 and 1.6 eV and the non-
additive absorption from 1.3 to 1.6 eV for TFMO:PCBM blend films. Therefore it is 
quite plausible that the optical features result from transitions associated with the HOMO 
of the polymer and the LUMO of the PCBM. If a similar interaction were present in 
PFO:PCBM or F8BT:PCBM it would not be observed in absorption (or emission) 
because A E C T C (2.1 and 2.2 eV for PFO:PCBM and F8BT:PCBM respectively) is larger 
than the absorption edge of PCBM and larger than the PCBM singlet emission energy. 
Based on the aforementioned arguments, we can constmct a photophysical model 
for photoinduced reactions in the blend, involving the CTC, as follows. Energy transfer 
may occur from the polymer singlet state to the CTC in competition with intersystem 
crossing to the triplet state of the polymer and with energy transfer to the PCBM singlet. 
The CTC may then either decay radiatively or be converted into a weakly bound polaron-
pair state. Polaron pair formation involves a reduction in the Coulombic interaction 
energy of the charge pair as well as relaxation to a state which may have larger mean 
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charge separation than the CTC. Although the final polaron-pair state may have lower 
overall energy than the CTC, energy is required to overcome the Coulombic interaction 
in the CTC and therefore polaron pair formation may be considered as an activated 
process. When the CTC is optically excited, it may also yield the polaron-pair state and 
so lead to photocurrent generation as observed in the CPM measurements of MDMO-
PPV:PCBM [24]. The probabilities of charge pair relative to triplet formation then 
depends upon the energies of the CTC and polaron-pair states relative to the energies of 
the triplet states. Two contrasting situations are illustrated in Figure 3.7. In Figure 3.7(a), 
the polymer has a low ionization potential such that A E C T C is less than the energy of the 
PCBM singlet and triplet states and therefore CTC formation and polaron pair formation 
are energetically favourable. This is the situation for TFMO:PCBM blends. Figure 3.7(b) 
illustrates the case for systems such as PFO:PCBM where the polymer ionization 
potential is high and A E C T C is higher than the PCBM singlet and triplet energies. In this 
case, radiative recombination through the PCBM singlet, followed by intersystem 
crossing to the PCBM triplet state is energetically favourable, resulting in poor 
photocurrent generation efficiency. 
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Figure 3.7: Schematic energy diagrams of polymer:PCBM blends in the cases where the 
charge transfer complex energy, CTC, is (a) below and (b) above (b) the PCBM singlet 
energy. Si and Tj represent the singlet and triplet state energies, and ET, CS and RD 
denote energy transfer, charge separation, and radiative decay, respectively. 
Although studies have not been conducted to probe this CTC state previously, 
several observations from the literature support the scheme depicted in Figure 3.7. Low 
energy emission at energies corresponding to the CTC has been observed for MEH-
PPV:fullerene blends at low temperatures [26], and MDMO-PPV:PCBM blends at low 
PCBM concentrations [27], similar to TFMO:PCBM blends (discussed above). 
Additionally, a broad electroluminescence has been observed in MEH-PPV:PCBM blend 
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film devices at 1.4 eV which may correspond to a similar CTC state in the blend [28]. 
Based on their ionization potentials, both MEH-PPV (LP. = 5.3 eV[29]) and MDMO-
PPV (LP. = 5.26 eV[30]) would be expected to follow the scheme in Fig 3.7(a). 
Therefore, it is hypothesized that the optical features observed in all three blends may 
originate from the same type of charge transfer state. 
As mentioned earlier, the emission at 800nm in the TFMO:PCBM blend films is 
quenched as more PCBM is added to the system. This corresponds with an increase in 
the non-additive absorption feature in the blend which increases with increasing PCBM 
concentration in the blend. The dependence of CTC emission on PCBM concentration 
can be explained as follows. Increasing availability of acceptors (PCBM molecules) is 
expected to increase the dissociation rate of the bound polaron pair. In addition, the 
effective dielectric permittivity of the blend increases with PCBM content, which reduces 
the Coulombic energy barrier which must be overcome for the CTC to form the weakly 
bound polaron pair state. Thermal excitation over this barrier, resulting in polaron pairs 
and hence separate charges, thus becomes easier as PCBM content increases and the 
probability of charge separation relative to radiative decay increases[12, 27]. Thus, the 
scheme described here implies that the CTC state is centrally involved in the charge pair 
generation process. It should be noted that, in Figure 3.7, the polaron pair level is drawn 
above the CTC level in order to represent the energy barrier to polaron pair formation 
from the CTC state, and does not represent the final relaxed polaron pair energy, which 
may lie below the CTC. 
It is also interesting to note that the new state observed in this work may correlate 
in some way to charge transport in polymer:PCBM blend films, since it has been shown 
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that transport of electrons and holes in MDMO-PPV:PCBM films is dependent on PCBM 
concentration in the blend [12, 25]. Further work is necessary to determine whether the 
ground state charge transfer complex and charge carrier mobility in MDMO-PPV:PCBM 
blend films can be correlated. 
3.5 CONCLUSIONS 
In conclusion, we have observed a new ground state charge transfer complex 
whose energy has significant influence on charge separation mechanisms in polymer 
blend solar cells. This ground state complex is characterized by non-additive absorption 
and new emission features in polymer:PCBM blend films which are independent of band 
gap and surface morphology but depend strongly on polymer ionization potential. For 
three polymer:PCBM systems, the presence of this state in the blend film is directly 
correlated to efficient charge separation in the blend film device. We propose that the 
state is centrally involved in charge separation and recombination in blend films, but 
fiirther work is required to clarify the mechanism. The observation of this state and 
continued investigation of its properties may improve our understanding of the limits to 
polymer:PCBM blend solar cell performance and open up new avenues for device 
optimization. 
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Chapter 4 
Charge separation and excited state formation in 
polyfluoreneiPCBIVI blend films: The role of polymer 
ionization potential and internal electric field 
4.1 ABSTRACT 
In this chapter, blend films of various polyfluorene polymers and the soluble 
fullerene derivative, [6,6] - phenyl Cei butyric acid methyl ester (PCBM) are 
investigated to determine the influence of polymer ionization potential on excited 
state formation in polymer;PCBM blend films. We find that a threshold exists for 
polyfluorene ionization potentials: when the ionization potential (|Ip|) is greater than 
or equal to 5.5 eV, PCBM triplet formation is favourable in polyfiuorenerPCBM 
blend films. For polyfluorene ionization potentials less than 5.2 eV, PCBM triplet 
formation is not observed. We show that for polymer ionization potentials larger than 
5.5 eV, the resulting charge separated state energy, which is determined by the energy 
difference between the ionization potential of the polymer and the electron affinity of 
the PCBM, is larger than the PCBM triplet state energy. This makes energy transfer 
to the PCBM triplet state energetically favourable. In the cases where the polymer 
ionization potential is less than 5.2 eV, the energy of the charge separated state is 
lower than that of the PCBM triplet state and therefore, charge separation is favored 
over PCBM triplet formation. 
A polyfluorene co-polymer, whose ionization potential is between the 
threshold limits in the above study (-5.2 and -5.5 eV), is also investigated using 
transient absorption spectroscopy. When blended with low concentrations of PCBM, 
the polymerrPCBM film produces excited states with triplet character upon 
photoexcitation. At high PCBM concentrations, the decay character of the excited 
state indicates that polaron formation occurs in the blend. This interesting 
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photophysical behaviour may occur because the energy of the charge separated state 
is similar to the threshold for charge separation in polyfluorene:PCBM blend films. 
Finally, polyfluorenerPCBM blend films were investigated in structures with 
and without evaporated aluminium top electrodes using transient absorption 
spectroscopy (TAS) in order to explore the influence of the built in electric field 
created by the electrodes on excited state formation in the active layer. TAS studies 
were conducted in transmission and reflection mode. We find that samples with a 
semitransparent aluminium electrode result in increased magnitude of the transient 
absorption signal indicating a higher polaron density. This enhancement of charge 
generation may result from increased polaron absorption due to the built in voltage of 
the device, from optical interference within the device, or from a combination of these 
two factors. The origin of enhanced charge generation is explored through 
experimental studies on several material systems as well as optical models of the 
structures studied. 
« EXPERIMENTAL METHODS 
All polymer:PCBM blend films were cast from chlorobenzene solutions (20 
mg/ml) with 5 wt%, 20 wt%, or 50 wt% PCBM in the blend. Films were spin coated 
on Spectrosil B quartz substrates (Kaypul Optics Inc.) which had been cleaned in 
ulfrasonic baths of acetone and 2-propanol consecutively for ten minutes each and 
were dried with a flow of air. Films ranged from 60 to 100 nm in thickness with 
optical densities of 0.2 -0.6. The device samples were cast on 1.2 cm x 1.2 cm indium 
tin oxide (ITO) coated glass substrates which were cleaned as above. The 
semifransparent aluminium electrode was vacuum deposited at 3 x 10 ^  mbar over half 
of the sample in a manner that the perpendicular to the strip of ITO as shown in 
Figure 4.1. For TAS measurements, the samples were all measured in a quartz 
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cuvette filled with argon or in ambient environments as desired. In this geometiy, the 
half-metallized samples (henceforth called 'half & half samples') could be moved 
from one side to the other in the cuvette to ensure that the sample kept the same 
orientation with respect to the pump and probe beams for comparative measurements. 
Transient absorption measurements were carried out using a pulsed LNIOOO 
Megaplus nitrogen laser which pumps a PTI dye laser and results in an excitation 
beam with energy densities ranging from ~ 30-60 juJ/cm ,^ as described in Chapter 2. 
Argon Filled 
Cuvette 
Probe Light 
Figure 4.1: The structure of the samples used for TAS studies to investigate the 
difference between films and devices. The 15 nm aluminium layer was evaporated 
perpendicular to the ITO strip on the glass substrate. The sample was then placed in a 
quartz cuvette so that it could be aligned with the probe light to investigate either the 
film side or the device side of the sample. 
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4.3 EXCITED STATE FORMATION IN POLYFLUORENE/PCBM 
BLEND FILMS 
Recent studies of charge separation in organic donor-acceptor blend films 
have shown that in order for photoinduced charge generation to occur, the energy of 
the charge separated, or charge transfer state, formed between the donor and acceptor 
must lie below the singlet and triplet manifolds of the blend film components [1-4], If 
the energy of the charge separated state is below the singlet and triplet transitions of 
the blend components, charge separation will be energetically favourable. If the 
charge separated state is above the energy of the singlet or triplet manifolds of the 
blend components, charge separation will not be favourable, and instead, energy 
transfer is likely to occur to the electron acceptor (if the acceptor has the smaller 
optical gap in the blend system), followed by non-radiative decay, such as intersystem 
crossing to the triplet state [2]. It has been shown in this thesis[l] and elsewhere [3] 
that the energy of this charge separated state can be approximately determined by 
taking the difference between the energy of the lowest unoccupied molecular orbital 
(LUMO) of the electron acceptor and the highest occupied molecular orbital (HOMO) 
of the electron donor. While it is clear that the energy of the charge separated state is 
related to the energy levels of the donor and acceptor components, the energy offset 
between the charge separated state and the singlet and triplet states of the blend 
components that is necessary to ensure efficient charge separation has yet to be 
determined experimentally. 
In this study, a set of polyfluorene polymers with different ionization 
potentials are blended with low concentrations of PCBM (5 wt%) in order to 
determine how the variation of ionization potential influences charge separation and 
excited state formation in the blend film. This study attempts to determine the energy 
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offset between the charge separated state and other excited states that is needed to 
ensure charge separation. Pristine polymer films are also studied in order to 
characterize the different systems more completely. 
In the following sections, the transient absorption spectra and decays will be 
presented in order of polymer ionization potential (fi-om - 5.9 to - 5.0 eV). A 
summary of the results of this study is shown in Table 4.1 which lists the materials, 
ionization potentials, and the excited state species that were identified in the TAS 
absorption spectra of blend films of the given polymers when blended with 5 wt % 
PCBM. 
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Table 4.1: Chemical structures, ionization potentials, and chemical names of materials 
Chemical Structure Ionization 
Potential 
Chemical 
Name 
Excited 
Species 
F8BT 
0 
H 17*^8 (^6*^17 
-5.9 eV [5] 
poly (9,9-
dioctylfluorene-
co-
benzothiadiazole) 
PCBM^ 
PFO 
HiyCg CgH,7 
-5.8 eV [6] 
poly(9,9-
dioctylfluorene) PCBM^ 
F8T2 
1^7^8 
-5.5 eV [7] 
poly(9,9-
dioctylfluorene-
a/^-bithiophene) 
PCBM^ 
RedF 
H,7Ca 
(3) O (41 
(p 
Me 
-5.3 eV[8] 1)50%^2)5%^ 
3) 40%, 4) 5% 
PCBM^ & 
Polarons 
TFMO 
{XD-O-rO^ 
"17C, C,H„ ^ 
_ OMe 
-5.2 eV [9] 
poly [9,9 -
dioctylfluorene-
co-N-(4-
methoxy-phenyl) 
diphenylamine 
N/A 
PFMO 
V 
H„C. C.H„ Y Y 
OMe OMe 
-5.0 eV [9] 
poly [9,9 -
dioctylfluorene-
co-bi-N-(4-
methoxy-phenyl) 
diphenylamine 
N/A 
PCBM 
-6.1 eV 
[6,6]-phenyl Cei 
butyric acid 
methyl ester 
PCBM^ 
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F8BT (ID = -.e;.Q eV) 
Q 
O 
<1 
(a) 
1.5x10" 
1.0x10" 
5.0x10" 
0.0 
Figure 4.2 shows the transient absorption spectra for pristine films of F8BT (a) 
and blend films of 5 wt% PCBM:F8BT (b) as well as the decay kinetics of pristine 
films of F8BT (c) and blend films of 5 wt% PCBM:F8BT (d). 
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Figure 4.2: Tlie transient absorption spectra of pristine F8BT (a) at 1, 3, and 6 
microseconds. This absorption is assigned to the F8BT triplet state. Transient optical 
decay of pristine F8BT (c) pumped at 420 nm (4 Hz) and probed at 815 nm in argon 
(black open circles) and air (gray crosses) atmopsheres. The transient decay of this film 
in an argon atmosphere can be fitted to a biexponential form with decay times of 8.8 jiis 
and 1.1 |Lis. In air, the decay is monoexponetial with a lifetime of 1.2 |LIS. The transient 
absorption spectrum of 5 wt% PCBM:F8BT films (b) has a maximum absorption at 720 
nm and a shoulder a 830 nm. This absorption has been assigned to PCBM triplet 
absorption and was measured at 1.5 microseconds. The transient optical decay of 5 
wt% PCBM:F8BT films (d) were pumped at 490nm (4 Hz) and probed at 720 nm. The 
transient decay is mono exponential with a lifetime of 7 microseconds in an argon 
atmosphere (black circles) and 5.6 microseconds in air (gray crosses). 
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As shown in Figure 4.2 (c), the transient decay of the pristine F8BT film can 
be fitted to a biexponential form in an argon atmosphere, with lifetimes of 8.8 and 1.1 
|is. In air, the decay is monoexponential with a lifetime of 1.2 fis. Figure 4.2 (a) 
shows that the transient species in F8BT has a maximum absorption at ~ 850 nm. We 
assign this absorption band to the F8BT triplet. The decay of the excited species 
formed in the 5 wt% PCBM:F8BT film, shown in Figure 4.2 (d), has a 
monoexponential decay character with a lifetime of 7 |lis in an argon atmosphere. 
When the decay kinetics of the sample is measured in air, the lifetime of the excited 
species is reduced to 5.6 |lis. Figure 4.2 (b) shows the transient absorption spectrum of 
the 5 wt% PCBM:F8BT film taken at 1.5 fis. There is a maximum absorption at 720 
nm with a shoulder at 830 nm. A similar transient absorption spectrum has been 
observed for triplet-triplet absorption of methanofullerenes in benzene solutions using 
flash photolysis [10]. The spectra of methanofullerene triplet absorption from the 
literature are reproduced in Figure 4.3. Due to this observation by Bensasson et al, 
the excited species formed in the PCBM:F8BT blend is assigned to the PCBM triplet 
absorption since its spectrum matches well with that observed for triplet absorption in 
several other structurally similar methanofullerenes [10, 11]. This assignment is 
further verified by the fact that the lifetime of the excited species is reduced in the 
presence of oxygen, which is characteristic of triplet states [12]. 
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400 600 800 1000 
Wavelength/hm 
Figure 4.3: Flash photolysis absorption spectra from three methanofullerene derivatives 
in benzene solution. These spectra show the triplet absorption of the methanofullerene. 
Taken from reference [10]. 
D . . ^ . 2 P F O ( I D = -.e;.8 eV) 
In Figure 4.4, the decay kinetics of pristine films of PFO and blend films of 
5 wt% PCBM:PFO are depicted along with their respective transient absorption 
spectra. 
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Figure 4.4: The pristine PFO transient absorption spectrum (a) was taken at 1 jus and 
shows a maximum absorption at 850 nm. The transient optical decay of pristine PFO 
using a 420 nm pump and 850 nm probe at 4 Hz is shown in (c). This decay is 
monoexponential with a lifetime of 4 jis. The transient absorption spectrum of the 
5 wt% PCBM:PFO film (b) was taken at 5 ^s and has a peak absorption at 720 nm with 
a shoulder at 830 nm. The transient optical decay of 5 wt% PCBM:PFO films using a 
420 nm pump and a 720 nm probe at 4 Hz is shown in (d). The monoexponetial lifetime 
in argon is ~20 jis and is reduced to 4.6 fis in the presence of oxygen. 
Figure 4.4 (a) depicts the transient absorption spectmm for pristine PFO which 
shows maximum absorption at 850 nm. The transient absorbance of the pristine PFO 
film decays monoexponentially with a Ufetime of 4 |is as shown in Figure 4.4 (c). 
The monoexponential decay and peak transient absorbance at 850 nm coixesponds 
well with literature describing PFO triplet absorption, and we therefore assign these 
features to PFO triplet formation [13, 14]. The excited species formed in the 5 wt% 
PCBM:PFO film, shown in Figure 4.4 (d), has a monoexponential decay character 
1.0x10 -5 
with a lifetime of 20 |j,s in argon atmospheres. When the decay kinetics of the sample 
are measured in air, the hfetime of the excited species is reduced, and it decays 
monoexponentially with a lifetime of 4.6 fj.s. Figure 4.4 (b) shows the transient 
absorption spectrum of the 5 wt% PCBM:PFO film. Similar to the transient spectrum 
of F8BT:PCBM, there is a maximum absorption at 720 nm with a shoulder at 830 nm. 
This transient absorption feature is therefore assigned to the PCBM triplet absorption 
as is the case for F8BT:PCBM films [10]. 
4..^..^ F 8 T 2 r i p = eV) 
Figure 4.5 shows the decay kinetics of pristine films of F8T2 and blend films 
of 5 wt% PCBM:F8T2 along with their corresponding transient absorption spectra. 
These data were collected by Dr. Hideo Ohkita. 
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Figure 4.5: The transient absorption spectrum of pristine F8T2 (a) has a maximum 
absorption at 825 nm and was collected at 1 ^s. The transient optical decay of pristine 
F8T2 (c) decays monoexponentially with a lifetime of 0.5 fis when pumped at 440 nm 
and probed at 820 nm. The transient absorption spectrum of 5 wt% PCBM:F8T2 (b) 
was collected at 1 ^s and has a maximum absorption at 720 nm with a shoulder at 830 
nm. The transient optical decay of 5 wt% PCBM:F8T2 (d) is biexponential at high 
intensities (9.5 microseconds and 1.8 microseconds). As laser intensity was reduced, the 
decay becomes monoexponential with a lifetime of 8.6fis when pumped at 440 nm and 
probed at 700 nm. 
The transient decay kinetics of pristine F8T2 were measured with pump 
wavelengths of 440 nm and probe wavelengths of 820 nm and are shown in Figure 
4.5(c). The pristine F8T2 film has a fast phase that decays monoexponentially with a 
lifetime of 0.5 |is. Figure 4.5 (a) shows the transient absorption spectrum for the 
pristine F8T2 film, which has a maximum absorption peak at 825 nm. The transient 
absorption spectrum was taken at l|j,s and is assigned to the F8T2 triplet state. 
The transient decay kinetics of the 5 wt% PCBM:F8T2 blends are shown in 
Figure 4.5 (d). From the transient absorption spectrum (Figure 4.5 (b)), it is clear that 
6.0x10 -5 
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the PCBM triplet is formed in this blend [10]. Interestingly for this blend system, the 
transient decays were not monoexponential at standard pump intensities. Instead, the 
decay is biexponential at pump intensities above 4 |xJ/cm^ with lifetimes of 9.5 |is and 
1.8 |is at 80 pJ/cm^. When the pump intensity is reduced to 4 pj/cm^, the decay 
becomes monoexponential with a lifetime of 8.6 ps, in keeping with what has been 
observed in PFO:PCBM and F8BT:PCBM blends. It is surprising that the decay of 
the PCBM triplet would be monoexponential only at low pump intensities in the case 
of F8T2 and not in the case of F8BT and PFO. This issue will be addressed in section 
4.4. 
R E D F ( I D = 5 / % e V ) 
This section reports the decay kinetics of RedF when blended with PCBM. 
RedF has a complicated chemical structure that is shown in Table 4.1 which primarily 
consists of polyfluorene units and benzothiadiazole units, giving it an absorption 
spectrum that is similar to F8BT, with peaks at 450 nm and 325 nm[15]. In addition 
to the absorption features of F8BT, RedF has a small absorption shoulder at 550 nm 
[15]. The normalized absorbance spectra of pristine RedF (50 nm), 5 wt% 
PCBM:RedF (150 nm), and 50 wt% PCBM:RedF (30 nm) blend films on quartz 
substrates are shown in Figure 4.6. 
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Figure 4.6: The normalized absorption spectra for pristine RedF, 5 wt% PCBM:RedF, 
and 50 wt% PCBM:RedF films on quartz substrates. 
Figure 4.7 shows the transient decay kinetics of RedF:PCBM blend films on 
quartz substrates with 5 wt% of PCBM in the film. The black open circles represent 
the decay of the excited species in an argon environment and the gray crosses show 
the decay of the excited species in air. 
123 
(b) 
2.0x10"' 
1.5x10 -
1.0x10' 
5.0x10-^4 
•' 1—^  1 r"*""' ' — ^ 
2.0x10"® 4.0x10® 6.0x10® 8.0x10"® 1.0x10"" 600 
Argon 
time (seconds) 
700 800 900 
wavelength (nm) 
Figure 4,7: (a) 5 wt% PCBM:RedF films pumped at 490nm and probed at 720 nm. The 
transient decay is monoexponential with a lifetime of 10 microseconds in an argon 
atmosphere and 6.7 microseconds in air. (b) The transient absorption spectrum of 
5 wt% PCBM:RedF films is shown in both argon environments (black open circles) and 
in air (gray crosses). The spectra were taken at 1 microsecond and are identical in 
shape when taken in argon or air atmospheres. The magnitude of the transient 
absorption spectrum decreases when measured in air. 
It is clear that the decays are monoexponential and have lifetimes similar to 
the decays of the PCBM triplet state as seen in F8BT;PCBM and PFO:PCBM blend 
films (sections 4.3.1 and 4.3.2). However, the transient absoiption spectrum (Figure 
4.7 (b)), is different than the observed PCBM triplet transient absorption. Instead of 
the characteristic absoiption peak at 720 nm and shoulder at 830 nm, the transient 
absorption spectrum of RedF:PCBM shows a broader absorption spanning the 
wavelengths from 650 nm to 900 nm. This observation suggests the following 
alternatives: I) the excited state formed in the RedF:PCBM blend is distinct from the 
PCBM triplet state, or 2) multiple excited species are formed in this blend upon 
photoexcitation and these states have overlapping transient absorption features. The 
second option is the most likely and is supported by previous studies of RedFiPCBM 
films using photoinduced absorption (PIA) measurements [16]. The sensitivity to 
oxygen and the monoexponential decay suggest that the dominant decay in this blend 
has a triplet character at low PCBM concentrations. 
1000 
124 
As the concentration of PCBM in the blend films is increased from 5 wt% to 
50 wt%, there is a difference in the decay of the transient species as seen in Figure 4.8. 
Instead of monoexponential decay, the kinetics are more consistent with a power law 
of the form AOD ~ t " with a ~1. 
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Figure 4.8: (a) Transient decay of 50 wt% PCBM:RedF blend films on quartz 
substrates taken with pump wavelengths of 470 nm while probing at 790 nm. The 
decays were measured in argon (black open circles) and air (gray crosses) atmospheres. 
The decay follows a power law behaviour with a ~1 which is basically unchanged in the 
presence of oxygen, (b) The transient absorption spectrum was taken at 1 microsecond 
and shows a maximum absorption approximately 750 nm. 
T F M O ( I D = - = : . 2 eV) & P F M O Q P = -'=;.o) 
TFMO and PFMO when blended with 5wt% PCBM showed no maxima in 
their transient absorption spectra and no clear transient decay in this study. This 
result was surprising, especially since TFMO/PCBM blends were used to make solar 
cells with external quantum efficiencies close to 20% as shown in Chapter 3. Since it 
is clear that charge separation must occur in TFMOiPCBM, we propose that charge 
separation in TFMO:PCBM and PFMO;PCBM films may be aided by the internal 
electric field in solar cell device structures. This will be discussed further in section 
4.6. 
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4..*^.6 PCBM d p = - 6.1 eV) 
In order to accurately identify the excited state species fomied in 
polyfluorene:PCBM blend films it was necessary to study the pristine PCBM system. 
Since PCBM does not make smooth films when it is cast alone from solution, the 
PCBM was blended in solution with polystyrene (PS) at a composition of 11 wt% 
PCBM. PS is commonly used as a matrix in which to disperse organic materials for 
several reasons. First, it has very weak absorption and emission character and 
therefore does not interfere with spectroscopic measurements. Also, the large band 
gap of PS (5 eV) ensures that it will act as an insulator and will not participate in 
charge transfer or energy transfer with the components in question [17]. The 
PS:PCBM film was investigated using transient absolution spectroscopy with 337 nm 
excitation pulses. 
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Figure 4.9: The transient absorption spectra of l l w t % PCBM/PS at 1, 5 ,10, and 20 jis 
(a) at a pump wavelength of 337 nm. The spectra are consistent with the signature of 
the PCBM triplet state with absorption at 720 nm and a shoulder at 830 nm. 
(b) Transient decay kinetics of the 11 wt% PCBM:PS film at different pump intensities 
measured with a pump wavelength of 337 nm and a probe wavelength of 720 nm. The 
magnitude of the TAS signal is intensity dependent but the decay kinetics remain the 
same with decreased pump intensity. 
The transient absorption spectrum and transient decay kinetics of 1 lwt% 
PCBM:PS films are shown in Figure 4.9 (a) and (b) respectively. It is clear from 
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Figure 4.9 (a) that the PCBM triplet state is formed in the PCBM:PS film since the 
transient absorption feature shows the signature absorption at 720 nm and shoulder at 
830 nm which indicates triplet-triplet absorption [10]. Also, it is clear that the excited 
state decays monoexponentially with a time constant of ~ 40 |LIS. The decay time 
remains constant when the pump intensity if varied but the magnitude of the transient 
absorption signal decreases with decreased intensity. Unlike the case of F8T2:PCBM 
films, the decay kinetics in PCBM:PS are not obviously intensity dependent. The 
relationship between pump intensity and the magnitude of the TAS signal for 11 wt% 
PCBM;PS films is shown in Figure 4.10. 
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Figure 4.10: Intensity dependence of transient absorption signal for 11 wt% PCBM:PS 
blend film on glass. The magnitude of the signal was taken at 2 microseconds. 
The slight sub-linear dependence of the TAS signal at high intensities may be due to 
triplet-triplet annihilation events in the film (Figure 4.10). 
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4.4 THE INFLUENCE OF PUMP INTENSITY AND PCBM 
CONCENTRATION ON TRIPLET FORMATION AND 
TRIPLET LIFETIME 
Before discussing the influence of ionization potential on excited species 
formation in polyfluorene/PCBM blend films, the influence of PCBM concentration 
and pump intensity on the PCBM triplet absorption and PCBM triplet lifetime in 
blend films of polyfluorene polymers and PCBM must be addressed. 
THE INFLUENCE OF PUMP INTENSITY AND PCBM 
CONCENTRATION ON TRIPLET DECAY 
It has been shown in the literature that triplet-triplet annihilation accelerates 
with increasing concentration of triplets formed in the blend film. When more triplets 
are formed, there is a higher probability of annihilation. Also, it has been shown 
experimentally that triplet-triplet annihilation depends on the intensity of the pump 
beam used in the experiment [18]. ModeUing has shown, additionally, that triplet 
decays can be described by a double exponential function where the first exponential 
describes triplet decay and the second exponential describes triplet-triplet annihilation 
events [19, 20]. 
In this study, triplet-triplet annihilation is found to depend on 1) PCBM 
concentration in the blend film, and 2) intensity of the pump beam used for the 
measurement. The influence of PCBM concentration on triplet-triplet annihilation is 
observed in the following ways: 1) the magnitude of the transient absorption signal 
decreases as PCBM is added to the system, 2) the transient decay shifts from being 
mostly monoexponcntial at low PCBM concentrations to exhibiting a double 
exponential decay character at higher PCBM concentrations. These findings are 
summarized in Table 4.2. In blends of 50 wt% PCBMiPFO and 50 wt% 
PCBM:F8BT, no TAS signal could be resolved. 
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Table 4.2: Lifetimes of the PCBM triplet state in polymer/PCBM blends at various 
PCBM concentrations. 
Polymer 
PCBM Concentration 
5wt% 
( l l w t % f o r 
PCBM/PS) 
2 0 W t % 50\vt% 
TiCps) Ti (us) T2(HS) Ti(ns) T2(HS) 
F8BT 7 1.7 4 0 No 
signal 
No 
signal 
PFO 20 10 None No 
signal 
No 
signal 
PS 4 0 N/A N/A 4.1 3 0 
N/A - not measured in this study 
From Table 4.2, we can see that the signals decrease in magnitude and become 
biexponential as more PCBM is added to the blend. One explanation for this behavior 
is increased triplet-triplet annihilation in the blend film. This explanation may help to 
rationalize the surprising intensity dependence of the decay signal in 5 wt% 
PCBM:F8T2 blend films. At high intensities, 5 wt% PCBM:F8T2 blend films 
decayed biexponentially and at low pump intensities they decayed more 
monoexponentially. This may indicate that triplet-triplet annihilation is taking place 
at high pump intensities for low PCBM concentrations of PCBM:F8T2 films. For this 
to be true, the film of F8T2:PCBM would have to yield more triplets than other 
polymer:PCBM blend films at similar material compositions. The magnitude of the 
transient absorption signal for 5 wt% PCBM:F8T2 films is, in fact, larger than the 
magnitude of the signal for 5 wt% PCBM:PFO and 5 wt% PCBM:F8BT films 
(Compare the magnitudes of the decays in Figures 4.2, 4.4, and 4.5). This supports 
the argument that intensity dependence of the triplet decay in PCBM:F8T2 films may 
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be due to triplet-triplet annihilation that occurs because there is a higher triplet yield 
in this blend film. 
It has yet to be determined why this photophysical difference exists between 
these polyfluorene polymer:PCBM blend films. It may be that PCBM triplet 
formation is more favourable in F8T2:PCBM blends because of the energy level 
alignment of the donor and acceptor. (The energy difference between the HOMO of 
the donor and LUMO of the acceptor in F8T2:PCBM blend films is 1.8 eV versus 2.1 
eV and 2.2 eV for F8BT:PCBM and PFO:PCBM blend films respectively.) 
It should be noted that triplet-triplet annihilation is not likely to be the only 
mechanism that contributes to the variation of PCBM triplet lifetime and the 
magnitude of the PCBM TAS signal in films with high PCBM concentration. Studies 
have shown that the optical and electrical properties of PCBM vary significantly 
according to PCBM concentration [21]. More work is necessary to determine the 
nature of photophysical variation in polymer films with varying PCBM concentrations. 
VARIATIONS IN PCBM TRIPLET LIFETIMES 
As shown in Section 4.3, the lifetime of the PCBM triplet state varied from 7 -
40 |j.s in the polymer:PCBM blend films that were studied using transient absorption 
spectroscopy. This variation is significant and may be related to the morphology of 
the blend films. It has been shown that the morphology of polymer films influences 
the triplet lifetime in various phases of PFO[22]. From Chapter 3, we see that there 
are clear differences in the morphology of the polymer:PCBM blend films studied in 
this work (specifically F8BT:PCBM and PFO:PCBM). This work is supported by 
similar findings in the literature, which also show that F8T2:PCBM films have 
morphological differences from the other blend films studied in this work [23]. The 
morphological formations of the blend films are summarized in Table 4.3. 
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Blend film PCBM triplet lifetime 
(in Argon) 
Morphology 
PFO:PCBM ~ 20 |Lis 
Circular aggregates formed in surface 
morphology which increase in 
diameter with increasing PCBM 
concentration[23] 
F8BT:PCBM ~ 7 |4,S 
Smooth surface morphology that does 
not change with increasing PCBM 
concentration[23] 
F8T2:PCBM ~ 9 |LIS 
Aggregates formed in surface 
morphology; not well defined 
geometrically; grow larger and grow 
together as PCBM concentration 
increases[23] 
The morphology of the PCBM:PS films is not known. However, from Table 
4.3, the variation of the triplet hfetimes in the polymer;PCBM blend films 
investigated in this work may be due to the morphological variations in the films. 
Further work is necessary to better understand this phenomenon. 
4^5 THE INFLUENCE OF POLYMER IONIZATION POTENTIAL 
ON EXCITED STATE FORMATION 
In this section, the influence of polymer ionization potential on excited state 
formation in polyfluorene/PCBM blend films is discussed. The systems studied in 
this work are separated into three categories according to the ionization potential of 
the polymer. These categories consist of donors with: 1) |Ip| > 5.5 eV, 2) |Ip| < 5.2 eV, 
and 3) 5.2 eV < |Ip| < 5.5 eV. 
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DONORS WITH I I p I > eV 
The normaUzed PCBM triplet absorption spectrum is shown in Figure 4.11 for 
the films made with F8T2, PFO, and F8BT polymers (5wt% PCBM) which have 
ionization potentials of 5.5 eV, 5.8 eV and 5.9 eV respectively (as shown in Table 
4.1). Films made with 11 wt% PCBM:PS blends are also shown for comparison. The 
formation of the PCBM triplet, with a spectrum that consists of a peak at ~ 720 nm 
and a shoulder at 830 nm, has been observed previously in the literature using 
transient absorption spectroscopy on polymerrPCBM blend films [2] and using flash 
photolysis measurements on solutions of methanofullerenes in benzene [10]. In 
Figure 4.11, it is clear that the primary excited species that is formed in all of the 
material systems shown is the PCBM triplet. 
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Figure 4.11: The normalized transient absorption spectra for polymer:PCBM blend 
films with 5wt% PCBM. The figure shows that the spectra for 5wt% PCBM blended 
with F8T2 (crosses), PFO (open circles), and F8BT (inverse triangles) corresponds very 
closely to the spectrum for l l w t % PCBM in a polystyrene matrix (closed squares). This 
indicates that the PCBM triplet absorption is observed in all of the aforementioned 
blend films. The inset shows the normalized transient absorption spectra of the 
polymer/PCBM blend films that are offset for clarity. 
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Thus, for polyfluorene polymers selected in this experiment, we find that PCBM 
triplet formation occurs for all those blends where the polymer ionization potential is 
greater than or equal to 5.5 eV. It has been argued previously that this triplet 
formation occurs due to singlet energy transfer fi-om the polymer to the PCBM, 
followed by intersystem crossing to the PCBM triplet state[2]. As mentioned earlier 
in this chapter, the energy of the charge separated state formed in donor-acceptor 
blend films is critical in determining whether triplet formation or charge separation is 
the more favourable process. The energy of the charge separated state is related to the 
energy difference between the HOMO of the donor and LUMO of the acceptor. For 
the polymers with ionization potentials of 5.5 eV or larger this energy difference is 
greater than or equal to 5.5 eV - 3.7 eV = 1.8 eV (since the LUMO of PCBM is 
3.7 eV [24]). Since we observe energy transfer to PCBM for polymer with |Ip| > 
5.5 eV, this means the energy of the PCBM singlet must be less then 1.8 eV. This 
corresponds well with literature values for the PCBM singlet state [25-27]. 
A.^.2. DONORS WITH IIDI < eV 
On the other hand, for some polyfluorene polymers with ionization potentials 
less than or equal to 5.2 eV, it is shown that charge generation occurs in the blend 
film. For the TFMO and PFMO polymers, with ionization potentials of-5.2 eV and 
-5.0 eV respectively, the energy of the charge separated states would be expected to 
be 1.5 eV and 1.3 eV. This energy is lower than the singlet state of the PCBM and 
thus, charge generation is expected in these blend systems. Indeed, no PCBM triplet 
formation is observed in the TFMO/PCBM and PFMO/PCBM blend films, as is 
reported in section 4.3.5. Also, it has been shown that TFMO:PCBM blend films 
result in solar cells with near 20 % external quantum efficiencies (Chapter 3), 
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indicating that photoinduced charge generation occurs in the TFMO/PCBM blend 
films. 
Currently, some of the most efficient polymer blend solar cells are made using 
poly-(3-hexyIthiophene) (P3HT) or poly[2- methoxy-5-(3',7'-dimethyloctyloxy)-l-4-
phenylene vinylene (MDMO-PPV) blended with PCBM. P3HT and MDMO-PPV 
have ionization potentials of -4.9 eV and -5.0 eV respectively. That would mean that 
the energy of their respective charge separated states at 1.2 eV and 1.3 eV also lie 
well below the energy of the PCBM singlet state. This is consistent with the above 
discussion. 
In summary, we have argued that charge separation is able to occur in organic 
blend films when the energy of the charge separated state is lower than the energy of 
the singlet states of the components. This represents an important design rule for 
solar cell applications. Interestingly, it has also been shown that the difference 
between the HOMO of the donor and the LUMO of the acceptor rises linearly with 
the open circuit voltage of bulk heterojunction solar cell devices such that 
AeVoc- A Ip [28]. Therefore, to maximize the open circuit voltage of an organic 
solar cell, it is necessary to maximize the energy difference between the HOMO of 
the donor and LUMO of the acceptor. However, the condition for efficient charge 
separation imposes a limit to how far the Voc can be increased. In the case of 
polymers blended with PCBM, the limit on the Voc appears to be between 1.5 eV and 
1.8 e V . 
DONORS WITH ^.2 eV < IIDI < eV 
In the above sections, the ionization potential of the polymer has been shown 
to be critical in determining what excited species are formed in the blend film. It is 
even more important, then, to focus on the threshold region of polyfluorene polymer 
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ionization potentials (between -5.5 and -5.2 eV) to determine what excited states are 
formed when the difference between HOMOd and LUMOa is close to the energy 
threshold that determines PCBM triplet formation versus charge separation. It is for 
this reason that RedF:PCBM blends were investigated. As shown in section 4.3.4, the 
transient optical decay of RedF:PCBM blend films exhibited a triplet-like, 
monoexponential decay at low PCBM concentrations (5 wt%). When blend films 
consisted of 50 wt% PCBM, the transient decay instead followed power law 
behaviour. 
Power law decays have been observed for several polymer:PCBM blend films 
on the microsecond to millisecond time scales and are indicative of polaron formation 
in the blend films [29, 30]. One explanation of the composition dependent kinetics in 
RedF:PCBM blend films is that at low PCBM concentration, triplet formation occurs 
in the RedF:PCBM blend film, while at higher PCBM concentration, charge pair 
formation is made more likely due to changes in film morphology and film dielectric 
constant. The transient absorption spectra of RedF:PCBM films at different PCBM 
concentrations support this picture. The transient absorption spectrum of the 
5wt%PCBM:RedF films (dotted line) appears to be a superposition of the PCBM 
triplet-triplet absorption feature, with a peak at 720 nm and a shoulder at 830 nm, and 
the RedF polaron absorption spectrum. The three absorption spectra are shown in 
Figure 4.12. Thus, the dominant excited state in RedF;PCBM blends appears to 
change from the PCBM triplet state to the RedF positive polaron as the concentration 
of PCBM increases. 
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Figure 4.12: Transient absorption spectra of PCBM triplet in 11 wt% PCBM/PS films 
(black line), 5 wt% PCBM/RedF (dotted line), and 50 wt % PCBM:RedF (open circles). 
The overlap of the PCBM triplet and 50 wt% PCBM:RedF absorption seem to roughly 
account for the broad spectrum in the 5 wt % PCBM:RedF sample. 
In order to better understand the excited states formed in the RedF:PCBM 
blend system, the intensity dependence of the fihns with 5 wt% and 50 wt% PCBM 
was studied. The intensity dependence of the 5 wt% PCBM:RedF fihns in argon and 
in air is shown in Figure 4.13. 
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Figure 4.13: The transient decays of the 5 wt% PCBM:RedF films on quartz pumped at 
470 nm and probed at 770 nm show monoexponential decays in argon (a) and air (b). 
The time constant of the decay remains constant with intensity but the magnitude of the 
signal decreases significantly as in the intensity decreases. 
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The influence of pump intensity on 50 wt% PCBM/RedF films on quartz is shown in 
Figure 4.14. The transient species in this film decays with a power law behaviour 
with a ~ 1. 
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Figure 4.14: Intensity dependence of 50wt%PCBM/RedF films on quartz pumped at 
470 nm and probed at 770 nm. The excited species decay with a power law behaviour 
with a ~1 
The decay of the 50 wt% PCBM:RedF film appears to have two phases. 
There is a fast phase up to approximately 2 jus which is intensity dependent. After 2 
fxs, there is a slow phase that appears to be intensity independent. Such behaviour has 
been observed previously in MDMO-PPV:PCBM blend films [29]. These kinetics 
were interpreted in terms of detrapping of charge from a limited concentration of 
charge traps in the blend film. The portion of the signal that is intensity dependent 
(before 2 |LIS) represents mobile charges that are formed in excess of the density of 
trap states in the film [29]. The similar kinetic behavior for RedFiPCBM blends at 
high PCBM concentrafion suggests that trap states play a dominant role in the 
recombination of charges in RedFiPCBM films as well as in MDMO-PPV:PCBM 
films. It is important to note that the lifetime of the polarons in 50 wt% PCBMiRedF 
films is significantly shorter than polaron lifefimes measured for MDMO-
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PPV:PCBM[29] and P3HT:PCBM [31] with 80 wt% and 50 wt% PCBM respectively. 
It is not well understood why the polaron lifetime is comparatively shorter in 
RedF:PCBM blends. However, since charge pair formation and energy transfer to the 
PCBM singlet state are in kinetic competition, this may indicate part of the reason for 
the small magnitude and short lifetime of the RedF polarons. Since triplet formation 
occurs in RedF:PCBM blend films and is not observed in MDMO-PPV:PCBM or 
P3HT:PCBM blend films, even at low PCBM concentrations, triplets may act as a 
significant loss mechanism in RedF:PCBM blend films. Even though triplets do not 
seem to be spectroscopically dominant in 50 wt% PCBM:RedF films, they may only 
be absent from the measurements due to triplet-triplet annihilation that is occurring in 
the film. Therefore, triplet formation may still be reducing charge separation in the 
RedF:PCBM blend film despite not appearing spectroscopically in TAS 
measurements. 
So, from the data that was presented, it has been shown that RedF:PCBM 
blends exhibit different photophysical properties depending on the concentration of 
PCBM in the blend film. These spectroscopic differences may indicate that two 
different excited species are formed in this blend; PCBM triplets at low PCBM 
concentrations and RedF polarons at high PCBM concentrations. This supposition is 
supported by the dependence of the TAS signal on pump intensity (Figure 4.15). The 
(mostly) linear dependence of the signal of the 5 wt% PCBM:RedF film changes to a 
clearly non-linear form when more PCBM is added to the blend (50 wt%). 
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Figure 4.15: Intensity dependence of transient absorption signal for 5 wt% 
PCBM:RedF and 50 wt% PCBM:RedF blend film on glass. The magnitude of the signal 
was taken at 1 microsecond. 
This type of saturation of the TAS signal has been observed before[29] and indicates 
that polarons are formed in the blend film; as the TAS signal saturates with increased 
intensity, that means that the density of charges exceeds to the density of localized 
polaron states[29]. Thus, Figure 4.15 supports the argument that RedF polarons are 
formed in blend films with high PCBM concentration. 
Z e INTERNAL ELECTRIC FIELD AND CHARGE GENERATION 
IN POLYFLUORENBPCBM FILMS WITH 
SEMITRANSPARENT ALUMINIUM ELECTRODES 
The influence of external electric field on charge separation in organic donor-
acceptor bulk heterojunction films is an issue of great interest. Various models have 
been presented that support the idea that charge separation is a function of the electric 
field. In 1938, Onsager developed a theory of geminate recombination of free charge 
carriers [32] and proposed an electric field dependence of the charge separation 
process. The Onsager theory accurately describes many features of photo generated 
charges in low mobility insulators. Braun refined this theory in 1984 by pointing out 
that the lifetime of the bound electron-hole pair (or charge transfer state) is finite [33]. 
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From this finite bound charge state, charge dissociation or decay to a ground state can 
occur. Recombination events are in competition with charge dissociation and serve to 
repopulate the bound charge state. More recent work has also shown the electric field 
dependence of charge dissociation fi-om intermediate bound states called exciplexes 
and has determined that the electric field can successfully separate bound pairs and 
initiates their transfer to charge separated states or to other recombination pathways 
[34, 35]. This finding corresponds with the predictions of Braun and implies that the 
influence of the electric field is significant for charge dissociation in certain donor 
acceptor blend films. 
Contemporary modelling studies of organic solar cells have based their work 
on Braun's and successfully modelled the photocurrent [36] and general operating 
characteristics [37] of organic electronic devices consisting of an electron donor and 
electron acceptor. However, some other models assert that charge generation is not 
significantly influenced by the external electric field in the device and that 
bimolecular recombination is the dominant field-dependent factor that influences 
photocurrent generation [38]. 
The influence of electric field on charge separation in blend film solar cell 
devices has yet to be clearly demonstrated experimentally. Complicating factors in 
electrically connected devices, such as charge injection, change the potential 
distribution across the device and may mask the actual photoinduced charge 
generation yield. Transient absorption spectroscopy (TAS) measurements on blend 
films with and without electrode contacts offer a way to probe charge generation in 
structures that differ only by the presence of a top metal contact. By comparing the 
transient absorption signal, variations in the charge generation yield can be related to 
the presence or absence of a built in potential between two electrodes on the cell. 
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This method is particularly relevant for this study to better understand the 
phenomenon of charge separation in the TFMO:PCBM blend films. As mentioned in 
section 4.3.5, TFMO:PCBM blend films make solar cells with reasonable external 
quantum efficiencies, but do not show polaron formation in transient absorption 
spectroscopy measurements. It is possible, therefore, that charge separation in these 
films is made feasible because of the built in voltage in the solar cell devices. 
In order to study the influence of built in voltage in organic donor-acceptor 
blend films, a well studied system was selected as a bench mark: poly[2- methoxy-5-
(3',7'-dimethyloctyloxy)-l-4-phenylene vinylene (MDMO-PPV) blended with PCBM. 
This system has been well characterized spectroscopically (using TAS [29] and other 
methods) and has also been shown to perform well in organic solar cell devices [39]. 
Using this system as a standard, TFMO:PCBM, RedF:PCBM, and F8BT:PCBM were 
studied using TAS in half & half device geometries (as mentioned in section 4.2). In 
this way, device samples with two electrodes and film samples (made on ITO 
substrates) could be compared in identical geometries on the same substrate. 
J..6.1 MDMO-PPV;PCBM 
MDMO-PPV:PCBM blend films are well characterized and are known to form 
long lived polarons in TAS measurements with lifetimes up to milliseconds [29]. 
These long lived polarons are observed at several PCBM concentrations. However, 
since blend films with 80 wt% PCBM in MDMO-PPV are known make the best 
performing solar cells, this blend ratio was used in this study. It should be noted that 
the lifetimes of the transient decays in Figure 4.16 are similar despite the fact that 
these films result in drastically different amounts of charge separation in solar cell 
device structures. However, the findings shown in Figure 4.16 are similar to what has 
been found previously in the literature [29] for MDMO-PPV pristine films and 
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(a) 
MDMO-PPV blend films. The reason why the lifetimes of transient decays in pristine 
MDMO-PPV and 1:4 MDMO-PPV:PCBM blends is similar is not well understood. 
As shown in Figure 4.16, there is an increase in the magnitude of the transient 
absorption signal for both the pristine MDMO-PPV polymer film and the blend film 
of MDMO-PPV:PCBM when in a device structure of ITO/Film/ 15 nm Al. The 
optical decay of the film is shown in black and the optical decay of the device 
structure is shown in gray. 
( b ) 
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Figure 4.16: Transient decays of pristine MDMO-PPV films (a) and 80 wt% 
PCBM:MDMO-PPV blend films (b) in film (black lines) and device (red open circles) 
structures. The decays were taken with the 550 nm pump (35 |LiJ/cm )^ and a probe of 
940 nm for the pristine polymer and 880 nm for the blend film. The OD of the films at 
the pump wavelength was 0.2 OD and device structures were of the form ITO/Film/15 
nm Al. 
The signal in Figure 4.16 increases by approximately a factor of two for the device 
structures consisting of pristine MDMO-PPV and 80 wt% PCBM:MDMO-PPV. The 
transient optical decay of the charges in pristine MDMO-PPV and 80 wt% 
PCBM:MDMO-PPV have been studied previously and it has been shown that the 
excited states formed in these blends decay according to a power law of the form 
AOD ~ f" with a -0.4 [29]. This is consistent with our results for the structures 
without aluminium electrodes; the transient decays of the pristine MDMO-PPV and 
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80 wt% PCBM:MDMO-PPV films decay according to a power law with a -0.4. 
However, in the case of the blend film, the transient decay is different in the device 
structure and decays according to a power law with a -0.6. 
There is also a corresponding change in the transient absoiption spectrum 
between films and devices of 80 wt% PCBM:MDMO-PPV which is shown in Figure 
4.17. At the wavelength of maximum absorption the signal of the device is 
approximately twice that of the film. 
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Figure 4.17: Transient absorption spectra of a film (squares) and device structure (open 
circles) of 80 wt% PCBM:MDMDO-PPV films. The thickness of the film was 65 nm 
and the device was of the structure ITO/Film/15 nm Al. Spectra were taken at 10 |us. 
The reasons for the increase in the magnitude of the transient absorption signal 
could be due to: 1) an increase in the polaron generation in the film due to the 
presence of the built in electric field, 2) optical interference effects that occur because 
of the top metal contact, or 3) a combination of the effects of optical interference and 
the built in electric field in the sample. These factors will be addressed in more detail 
in section 4.6.5. 
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d.6.2 TFMO/PCBM 
TFMOiPCBM solar cells result in external quantum efficiencies of up to 20% 
in solar cell devices (Chapter 3) but show no evidence of charge generation when 
films are investigated using transient absorption spectroscopy (section 4.3.5). The 
lack of polaron absorption in the TAS measurement is surprising and makes 
TFMO:PCBM systems of particular interest in order to determine the electric field 
dependence of charge separation. 
In TAS in transmission measurements, the transient absorption spectrum was 
collected for both the film half and device half of the sample between 600 and 1000 
nm. The results are shown in Figure 4.18. 
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Figure 4.18: Transient absorption spectra of the film side (black line) and device sides 
(gray open circles) for the 80 wt% PCBM:TFMO sample in transmission mode. The 
signal is significantly larger when the sample is capped with 15 nm AL. 
There is an increase in the magnitude of the transient absolution spectrum for 
the side of the sample with the semitransparent aluminium electrode. The magnitude 
of the signal from the device side of sample is close to four times larger than the film 
side and indicates that charge generation in this blend system may be influenced by 
the internal electric field in the device. 
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Since the lifetime of any transient species in 80 wt% PCBM:TFMO films 
could not be resolved in the TAS in transmission measurements, device structures of 
this material system were investigated using both TAS in transmission and TAS in 
reflection modes. Reflection TAS (RTAS) measurements were conducted on full 
devices with the structure ITO/Pedot;PSS/80 wt% PCBM:TFMO/100 nm Al with 
pixel areas of 4.2 mm^. The TAS in transmission experiments were conducted on 
samples with the structure ITO/PEDOT:PSS/80 wt% PCBMiTFMO/lS nm Al. The 
decays from the TAS in transmission and RTAS measurements are shown in Figure 
4.19 (a) and (b) respectively. 
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Figure 4.19: The transient decays of 80 wt% PCBM:TFMO films in TAS in 
transmission (a) and reflection (b) TAS geometries. The sample for (a) had the 
structure ITO/PEDOT:PSS/80 wt% PCBM:TFMO/15 nm Al and the samples for (b) 
had the structure ITO/PEDOT:PSS/80 wt% PCBM:TFMO/100 nm Al. In both RTAS 
and transmission TAS studies, the transient species decayed monoexponentially. The 
pump beam for these measurements was 440 nm from the nitrogen dye laser and the 
probe beam was at 830 nm. In transmission, the decay time is -10 ^s and in reflection it 
is near 100 ^s. 
There are a few important experimental differences between the RTAS and TAS in 
transmission measurements. First, the probe for TAS is provided by a tungsten lamp 
whose wavelength is selected by two monochromators in series which can be set to 
wavelengths between 600 nm and 1000 nm. For RTAS measurements, the probe 
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beam is provided by one of two laser diodes: one at a wavelength of 830 nm and the 
other at a wavelength of 980 nm. No signal was observed for the 80 wt% 
PCBM:TFMO device using the 980 nm probe beam. Since the PCBM anion has been 
shown to absorb near 1000 nm, our observations indicate the excited species fomied 
in TFMO:PCBM films is not the PCBM anion. Therefore, if these are charges in the 
TFMO:PCBM film, then they must be the TFMO positive polaron. 
^.6..q R e d F / P C B M 
The transient absorption spectrum and the transient decay of RedF:PCBM 
films are influenced by the presence of semi transparent electrodes in the TAS set-up. 
The transient absorption spectmm of 5 wt% PCBM:RedF in film and device 'half & 
half structures is shown in Figure 4.20. 
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Figure 4.20: The TAS absorption spectra for a 5% PCBM:RedF film (black line) is blue 
shifted and more broad than the TAS absorption spectrum of the film in a device 
structure (ITO/Film/15 nm Al) (gray open circles). The spectrum shifts to a maximum 
absorption at approximately 775 nm in the device structures. This maximum in 
absorption spectrum is similar to that found in the case of 50% PCBM:RedF films (see 
Figure 4.8(b).) 
The maximum of the TAS absorption spectrum shifts to a peak absorption at 775 nm 
and narrows for the device structure of 5 wt% PCBM:RedF versus the film. This 
wavelength is close to the maximum wavelength of the 50 wt% PBM:RedF blend film 
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which was assigned to RedF positive polaron fomiation. It could be that the polaron 
formation in this blend film is enhanced due to the built in voltage of the device. 
However, the magnitude of the spectrum increases at the wavelength of maximum 
PCBM triplet absorption as well (720 nm). Therefore, in Figure 4.20, we see possible 
evidence of increased PCBM triplet absoiption and increased RedF polaron 
absorption in device structures. The magnitude of the TAS signal for the 5 wt% 
PCBM:RedF sample increases by a factor of 1.7. 
The decay kinetics of the 5wt%PCBM:RedF blends in film and device 
structures measured in argon and air environments are shown in Figure 4.21. 
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Figure 4.21: 5 wt% PCBMiRedF film on ITO (black lines) and ITO/5wt% 
PCBM:RedF /15nm AL (open gray circles) device structures examined using transient 
absorption spectroscopy. The magnitude of the signal of 5 wt% PCBM:RedF films 
shows an increase of signal magnitude in structures with semitransparent A1 electrodes 
in both air (light gray circles) and argon (dark gray circles) atmospheres. Decays are 
shown for samples in argon atmospheres and in air. 
In both argon and air atmospheres, the magnitude of the transient signal is larger in 
the device structures with semitransparent aluminium electrodes which are shown as 
the light gray (air) and dark gray (argon) circles. 
zl .6 . z l F 8 B T / P C B M 
As mentioned earlier, F8BT:PCBM films with 5wt% PCBM show PCBM 
triplet absorption in transient absorption measurements. In order to determine if 
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increased TAS signals would be observed in films that produced triplets as well as 
those that produce polarons, F8BT;PCBM were measured using the TAS in 
transmission method. As shown in Figure 4.22, the device side of the half & half 
sample resulted in signals that were 1.5 times larger than the signal from the film 
alone. It is clear that PCBM triplet states were formed in this blend film [11]. 
Therefore, the increase in the signal must indicate that there is either an increase in 
triplet yield in the film due to the built in voltage in the device or that the signal 
increases due to some optical interference effect that is caused due to back reflections 
from the aluminium cathode. 
5x10% 5% PCBM/F8BT 15nm Al 
5% PCBM/F8BT film on ITO 4x10^4 
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Figure 4.22: Transient decay data for 5 wt% PCBM:F8BT films in device structures 
(ITO/Film/ 15nm Al) (gray circles) and blend films on ITO substrates (black line). 
DISCUSSION 
In the above sections we showed that there is evidence to indicate that the built 
in electric field in device structures may influence the charge separation efficiency in 
polymeriPCBM blend films. Several blend systems that are known to fonn polarons 
upon photoexcitation, such as MDMO-PPV:PCBM and RedFiPCBM, show a two-
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fold increase in TAS signal in device structures with semitransparent electrodes. Also, 
TFMO:PCBM blend systems show a four-fold increase in TAS signal in device 
structures. This increase in TAS signal may indicate increased polaron generation in 
device structures made with polymer:PCBM blend films. This hypothesis is 
supported by two other findings. First, there is a red shift in the RedF:PCBM TAS 
absorption spectrum for devices compared to films (Figure 4.20). The resulting, red-
shifted maximum absorption corresponds to the maximum absorption of what has 
been assigned to the RedF positive polaron (section 4.5.3). Since the transient 
polaron absorption signal is increased in device structures, this indicates that polaron 
formation may be enhanced by the built in electric field of the device. Secondly, the 
transient absorption signal in TFMO:PCBM blend films is immeasurable in 
transmission TAS experiments. However, when placed in a device structure, the 
TFMO:PCBM blend film shows a (relatively) long lived species with a maximum 
absorption at 830 nm. This also supports the hypothesis that charge generation in 
polyfluorene:PCBM bend films may be influenced by the built in voltage in the 
device. 
However, the increase in the transient absorption signal in F8BT:PCBM 
devices was surprising. Since it has been shown that PCBM triplets form in these 
blends, it is not expected that the built-in electric field would serve to increase triplet 
generation rate. It has been proposed in the literature that triplet generation yield 
increases with an applied field, but this has been suggested to occur as separated 
charges repopulate the triplet state [35]. Since, in this work, the formation of PCBM 
triplets in F8BT:PCBM films seem to result from an energy transfer process followed 
by intersystem crossing, the hypothesis in [35] does not seem to support our findings. 
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Therefore, we were forced to consider how optical effects, occurring in the blend film 
due to interference from the metal contact, influence the transient absorption signal. 
Due to the nature of the pump-probe TAS technique, the aluminium top 
contact will cause changes in the absorptance in the active layer of the device 
structure due to the reflections from the cathode. In order to explore the influence of 
optical interference on the magnitude of the transient absorption signal, optical 
modelling, which was developed by Dr. Felix Braun [40] and carried out by Mr. Tom 
Hammant, was conducted for MDMO-PPV:PCBM blend films. These models took 
into account structures with glass, ITO (140 nm), 80 wt% PCBM:MDMO-PPV active 
layer (adjustable thickness), and a 15 nm aluminium cathode. The incident light for 
this system entered the structure from the glass side. Results of the optical modelling 
study are shown in with respect to incident wavelength and active layer thickness in 
Figure 4.23. 
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Figure 4.23: Results of the optical modelling of absorptance in the active layers of 
structures with glass/ITO/ 80 wt% PCBM:MDMO-PPV (a) and structures with 
glass/ITO/80 wt% PCBM:MDMO-PPV/15 nm A1 devices (b). 
The results of the optical modelling shown in Figure 4.23 indicate that the differences 
in the absorptance in 'film structures' (a) and 'device structures' (b) are basically 
constant across the active layer thicknesses that were studied (50 nm -120 nm) near 
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550 nm (which was the wavelength of the pump beam for studies of MDMO-
PPV:PCBM blend films). At 80 nm (and for most thicknesses that were modelled), 
the absorptance in the device is approximately twice the absorptance in the film. This 
result is consistent with the observed increase in the TAS absorption signal for 
devices of 80 wt% PCBM:MDMO-PPV versus films. 
In order to try to experimentally decouple the influence of the electric field in 
the device from the optical effect of the sample, the thicknesses of the MDMO-
PPV/PCBM films were varied and half & half samples were investigated to determine 
if there is an influence of electric field on charge generation in the blend film. Table 
4.4 shows the thicknesses of the samples, processing parameters, resulting OD, and 
expected internal electric field in the sample. 
Table 4.4: Parameters of MDM( 3-PPV/PCBM samples used for thickness study 
Sample Thickness 
(nm) 
Processing 
Parameters 
Optical 
Density (OD) 
Electric Field* 
(V/cm) 
1 50 6000 rpm/ 60 s 0.14 2.5 X 10^  
2 65 3500 rpm/ 60 s 0.18 1.85 x 10^  
3 75 1000 rpm/ 30 s 0.195 1.6 X 10^  
* Reference [41' gives a built in voltage of 1.2 V from electroabsorption 
measurements of ITO/PEDOT:PSS/80wt%PCBM/MDMDO-PPV/LiF/Al structures. 
It should be noted that while a voltage is not applied to the electrodes in this 
experiment, the built-in voltage in the device should still be sufficient to provide a 
significant electric field in the device and the purpose of this experiment is to 
determine if this electric field is involved in charge separation event. The built-in 
potential is determine in Reference 41 using electroabsorption studies. The results of 
this study are shown in Figure 4.24. Again, the magnitude of the signal increases by a 
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factor of two for the device structures which is the same as the predicted signal 
increase from the optical modelling. 
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Figure 4.24: Transient optical decay of film (black open circles) and device (gray 
crosses) structures for 80 wt% PCBM/MDMO-PPV. Device structures were of the form 
glass/ITO/80 wt% PCBM:MDMO-PPV/15 nm Al. The magnitude of the transient 
absorption signal increases by a factor of two which is predicted by the optical 
modelling in Figure 4.20. Samples were pumped at 500 nm (4 Hz) and probed at 980 nm. 
From Figures 4.23 and 4.24, the influence of the internal electric field on charge 
separation does not seem to play a significant role in MDMO-PPV/PCBM films. 
Additional modelling was conducted for blend films of 80 wt% PCBM;TFMO 
blend films with and without PEDOTiPSS layers and with and without 
semitransparent aluminium electrodes (15 nm). The results are shown in Figure 4.25. 
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Figure 4.25: Absorptance in the active layer of the 80 wt% PCBM:TFMO blend film 
for films with and without PEDOT:PSS and films with and without 15 nm AL electrodes 
at 400 nm excitation wavelength (a) and 450 nm excitation wavelength (b). 
From the modelling, we can see that the wavelength of pump intensity and the 
thickness of the active layer of the device are critically important in determining the 
overall absorptance in the blend film, especially for the devices that include 
Pedot.'PSS layer (thick red and thick blue lines). In the 'worst case' (Figure 4.25 (a)), 
the largest expected difference between absorptance in the film and device structures 
is approximately a factor of 3. Experimentally, the increase in the magnitude of the 
transient absorption signal for 80 wt% PCBMrTFMO devices is as large at a factor of 
4. Therefore, optical interference seems to be the dominant factor that influences the 
magnitude of the TAS signal in TFMO:PCBM blends, as well as in MDMO-
PPV:PCBM blends. 
4.7 CONCLUSIONS 
In this chapter, films and devices composed of polyfluorene/PCBM blend 
films were investigated using transient absorption spectroscopy in transmission and 
reflection modes. The ionization potential of the polymer is found to be critical in the 
determination of the excited state formation in the blend film. If the ionization 
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potential is 5.5 eV or larger, PCBM triplet formation occurs in the blend film and if 
the ionization potential is less than 5.5 eV, charge generation occurs in the blend film. 
Additionally, a polymer whose ionization potential is near the threshold suggested 
above shows evidence of both PCBM triplet formation and polaron formation in the 
film. This suggests that the threshold for polymer ionization potentials which is 
necessary to achieve only charge separation must be higher than 5.3 eV for 
polyfluorene polymers blended with PCBM. 
When the aforementioned material systems were set into a device structure 
with semitransparent aluminium electrodes and investigated using transient absorption 
spectroscopy, there is a consistent increase in the magnitude of the transient 
absorption signal. This signal enhancement may be due to increased charge 
generation in the film caused by the internal electric field in the device structure or it 
may be due to optical effects caused by back-reflections into the film fi'om the 
semitransparent electrode. From experimental results and optical modelling studies of 
MDMO-PPV/PCBM films and devices, the signal increase seems to be due to optical 
effects alone. Further work is necessary to determine if charge separation is 
influenced by the built in potential in TFMOiPCBM blend films. 
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Chapter 5 
Exciplex formation in silole:polymer blend films: The 
role of energy levels and morphology on exciplex 
formation, exciplex decay, and charge separation 
5.1 ABSTRACT 
Long-lived exciplex emission is observed in polymer: small molecule blend films 
consisting of polyfluorene triarylamine polymers and two different soluble silole 
derivatives. The exciplex is characterized by a long lived, emissive, component in the 
photoluminescence and electroluminescence spectra which is red shifted relative to the 
pristine materials. The energy of exciplex emission is correlated to the energy difference 
between the HOMO of the donor and LUMO of the acceptor in the blend film. In 
addition to radiative decay from the exciplex state, delayed emission from the polymer 
singlet state is observed in blend films and is attributed to exciton recycling that occurs 
through the interfacial exciplex state. By investigating films cast from different solvents 
and films subjected to annealing treatments, the morphology of blend films is found to be 
a critical factor which governs the extent of exciplex formation and exciplex radiative 
lifetime. Finally, variations of exciplex photoluminescence lifetime due to 
morphological changes can be correlated to variations in photoluminescence quenching 
and in light emitting diode device characteristics. This may indicate a morphological 
dependence on charge separation that proceeds through exciplex states. The implications 
of these observations to the more general understanding of charge separation in donor-
acceptor blend films are discussed. 
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5.2 INTRODUCTION TO EXCIPLEX STATES AND THEIR 
SIGNIFICANCE TO DONOR-ACCEPTOR BLEND FILMS 
The first reported exciplex fluorescence was observed in solutions of perylene and 
dimethylaniline that had been mixed in non-polar solvents [1]. Since that study by 
Leonhardt and Weller in 1963, exciplex fluorescence has been observed in several 
polymer-polymer [2-4] and polymer-small molecule [5] blend films as well as bilayer 
donor-acceptor films [6], An exciplex is defined as an excited state complex formed 
between an excited donor and neutral acceptor (or visa versa). It can be formed 
following the excitation of either the donor or the acceptor component in the blend, or by 
direct excitation of a ground state charge transfer (CT) complex [7], Exciplex emission 
energy has been shown to depend on the oxidation potential (Ed"") of the donor and 
reduction potential (Ea'^ '^ '^ ) of the acceptor such that for donor-acceptor complexes 
dissolved in hexane[8]: 
= -0.15±0.10eF (5.1) 
This relationship has been shown to hold true for over 50 donor-acceptor blends in 
solution. The physical meaning of the constant in equation 5.1 has not been explicitly 
defined. However, this factor could be physically rationalized as the binding energy of 
the exciplex state [2]. The relation shown in equation 5.1 has also been shown to hold 
true for donor-acceptor bilayer films made fi-om a silole derivative and hole transporting 
layer [9], indicating that the exciplex wavelength of emission can be tuned according to 
the choice of acceptor (or donor) energy levels in the blend film. 
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While exciplexes have been studied rather extensively in solution, their 
significance to photophysical processes in solid films, specifically bulk heterojunction 
films, has not been extensively investigated. A clearer understanding of exciplex states is 
of particular importance for the development of organic electronic devices (OEDs) since 
most OEDs implement blends or bilayers of organic donors and acceptors. Since 
exciplex states seem to be common and may influence the efficiency of recombination 
and/or of charge separation in donor-acceptor films[2, 4], fiirther examination of their 
characteristics in solid films may have implications for the development of organic 
electronic technologies. 
The first question addressed in this chapter is whether the energy of exciplex 
emission can be calculated using equation 5.1 for bulk heterojunction films of a polymer 
and a small molecule. As mentioned earlier, it has been shown that exciplex emission 
wavelength can be determined by equation 5.1 for donor-acceptor solutions in hexane 
and for bilayer devices consisting of silole and the hole transporter, N,N'-diphenyl-N,N'-
(2-napthyl)-(l,r-phenyl)-4,4'-diamine (NPB) [9]. In this chapter, we will attempt to 
relate exciplex emission wavelength to the HOMO and LUMO levels of the donor and 
acceptor materials used in this study. In order to address this point, two silole derivatives 
and two polyfluorene triarylamine polymers were chosen. These respective polymers and 
silole derivatives have ionization potentials and electron affinities that are different, but 
their chemical structures are quite similar. Also, since silole derivatives are known to 
form exciplexes with triarylamine molecules, they are of interest for this investigation 
[9]. 
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The second question to be addressed in this chapter is the influence of 
morphology on exciplex emission and exciplex hfetimes in bulk heterojunction blend 
films. In the literature, Morteani et al proposed that exciplex characteristics are 
influenced by blend film morphology because changes in the concentration of donor to 
acceptor in a blend film was shown to correspond to a variation in exciplex lifetime [4], 
Since variations in the ratio of the donor to the acceptor will clearly influence the 
interfacial area between the blend film components, this indicates that morphology may 
influence exciplex behavior. Additionally, delayed fluorescence from the electron 
acceptor also varies according to the concentration of donor to acceptor in the blend film 
in Morteani's work [4], However, the details of morphological changes, the extent to 
which they influence exciplex formation in the blend film, and the implications that these 
morphological changes have on device performance (for light emitting diodes and 
organic solar cells) have yet to be determined. It is for this reason that morphological 
changes in donor-acceptor bulk heterojunction blends are investigated in this chapter 
using the following two methods. 
1) First, by casting films from two different solvents, morphological changes are 
observed and are correlated to spectroscopic differences between the blend films (such 
as exciplex emissive lifetime, delayed fluorescence, and photoluminescence 
quenching). The use of different solvents has been shown to influence film 
morphology and has been found to influence charge separation efficiency in various 
polymer blend films in the literature [10, 11]. However, a systematic study of the 
morphological dependence of fluorescent exciplex states in bulk heterojunction blend 
161 
films has yet to be completed. This study sets out to fill this gap in the literature. In the 
process of varying film morphology, the influence of exciplex formation on charge 
separation will be inferred from device characteristics of light emitting diodes. 
Typically, the efficiency of light emitting diodes inversely relates to charge separation 
efficiency, which means that films which produce more efficient LEDs make less 
efficient solar cells. This is because in LEDs, the efficiency of radiaitve recombination 
is maximized while in solar cells the efficiency of charge separation is maximized. 
Thus, device characteristics are used to correlate spectroscopic characteristics to charge 
separation in the blend film. 
2) Next, films are subjected to annealing treatments in order to determine how 
morphological changes influence exciplex lifetime, delayed fluorescence, and 
photoluminescence quenching. Annealing is known to influence film morphology in 
several polymer: small molecule blend films and may even improve charge separation 
efficiency in some blend films [12]. Thus, since annealing is known to influence 
morphological and charge separation capabilities in donor-acceptor blend films, this 
chapter will study the influence of annealing on exciplex lifetime and exciplex 
formation in donor-acceptor bulk heterojunction blend films to determine how 
morphology influences exciplex characteristics. 
In summary, this chapter studies the influence of energy level alignment and 
morphological variation on exciplex formation in polymer:silole blend films. Using 
steady state and time resolved photoluminescence spectroscopy, we show that exciplex 
formation occurs in the aforementioned blend films and that the energy of exciplex 
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emission is consistent with equation 5.1. Also, the time resolved photoluminescence 
spectroscopy shows that delayed fluorescence of the polymer exciton occurs in blend 
films and is assigned to exciton recycling through the interfacial exciplex state. This 
recycling process is found to be closely linked to the morphology of the blend film, 
which is influenced according to film processing and annealing treatments. Thus we 
conclude that exciplex dynamics depend critically on the nature of the interface between 
the donor and acceptor components in the blend film. The implications of these findings 
for charge separation and charge recombination events in organic electronic devices 
(such as light emitting diodes (LEDs) and organic solar cells) are discussed. 
5.3 EXPERIMENTAL METHODS 
The films and devices described in this chapter were fabricated as detailed in 
Chapter 2, section 2.7. Spin speeds of 1500 rpm (30 seconds) resulted in blend films 
with thicknesses of approximately 90 nm. Steady state photoluminescence measurements 
were carried out using a Fluoromax-3 spectrometer (Jobin-Yvon). Time resolved PL 
experiments were carried out using a 409 nm laser in continuous mode (Hamamatsu 
stabilized picosecond light pulser - model number C4725) and streak scope (Hamamatsu 
Streak Scope - model number C4334) set-up to measure the lifetime of emissive species. 
Electrochemical measurements of silole and F-silole (2 mM) were performed 
using 0.1 M tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte in a 
1:1 dichloromethane/acetonitrile (v:v) solution. The oxidation potential of silole and F-
silole was referenced to an Ag/AgNOs electrode using a potentiostat at a scan speed of 
100 mV/s. The energy of the HOMO levels of the materials was determined using the 
method explained in Chapter 2, section 2.8. The LUMO energy levels were determined 
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by subtracting the optical gap of the silole from the electrochemically determined HOMO 
energy level with no allowance for exciton binding energy. 
M RESULTS OF SPECTROSCOPIC STUDIES OF EXCIPLEX 
EMISSION IN POLYMERsSILOLE BLEND FILMS 
Steady state and time resolved photoluminescence studies were conducted on 
three blend films made from combinations of two polyfluorene polymers and two silole 
derivatives. The chemical structures, ionization potentials, and electron affinities of the 
materials that were used in this chapter are shown in Table 5.1. The energy levels of the 
polymers are reported in the literature and the HOMO energy levels of the silole 
derivatives were determined in this work using cyclic voltammetry. The LUMO energy 
levels of the silole derivatives were determined from the optical gap of the silole 
(2.8 eV). It should be noted that this determination of the LUMO energy level is not 
without some margin of error because no exciton binding energy of the silole is taken 
into account. This point will be returned to in Section 5.5. It should be noted that in this 
particular section, all of the films were spin cast from a common chlorobenzene solution 
at variety of weight ratios of polymer to silole. The observed photoluminescence 
quenching in the polymer:silole blend films is shown in Table 5.2. PL quenching was 
determined using the method explained in Chapter 2. 
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Table 5.1: Chemical structures and energy levels of materials used in this chapter 
Chemical Structure Ionization 
Potential 
Electron 
Affinity 
Chemical 
Name 
Silole 
-5.7 eV -2.9 eV 
2,5-bis-(2,2-bipyridin-
6-yl)-1,1 -dimethyl-3,4-
diphenylsilacyclopenta 
dienene 
F-silole 
^ 
-5.8 eT/ -3.0 eV 
2,5-bis-(5,5 fluoro-2,2-
bipyridin-6-yl)-1,1-
dimethyl-3,4-
diphenylsilacyclopenta 
dienene 
TFl 8 
1^7^8 
C,H, 
-5.3 eV [13] -2.3 eV 
poly(9,9 
dioctylfluorene - co -
iV-(4-butylphenyl) 
diphenylamine) 
TFI VIO 
1^7^B 8^^17 
_ OMe Jn 
-5.2 eV [13] -2.2 eV 
poly (9,9 -
dioctylfluorene-co-N-
(4-methoxy-phenyl) 
diphenylamine 
Silole 
Concentration 
(wt%) 
Photoluminescence Quenching (%) 
TFBrSilole TFMO:Silole TFB: F-silole 
5 38 41 45 
9 (25 for TFMO) 62 83 71 
50 95 98 95 
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STEADY STATE A N D T I M E RESOLVED PHOTOLUMINESCENCE 
SPECTROSCOPY; ASSIGNMENT OF EXCIPLEX EMISSION 
The normahzed steady state photoluminescence spectra of polymer: silole blend 
films are shown in Figure 5.1. The spectra in the figure show the pristine polymer (black 
line), pristine silole (open black circles) and blend films with increasing silole 
concentration with 5 wt%, 20 wt%, and 50 wt% silole. In all cases, a red shifted 
emission band is observed in blend films and this band increases in intensity as the 
amoimt of silole in the blend increases. The new emission band occurs at 505 nm, 530 
nm, and 525 nm for (a) TFB:silole, (b) TFMO:silole, and (c) TFB:F-silole films 
respectively. For (b) and (c), this new emission band is red shifted with respect to the 
both the polymer and silole components in the blend film. For (a), the emission band 
overlaps with the emission of the pristine silole material. 
In order to establish whether this red shifted emission can be assigned to the 
emission of an exciplex state in accordance with literature observations[2, 4, 6] we 
measure the lifetime of the new emissive features. Exciplex emission is identified by a 
long emissive lifetime compared to pristine materials as well as by red shifted emission. 
The lifetime measurement is especially necessary for the TFB:silole blend (Figure 5.1 
(a)) where the blend film emission (tentatively attributed to an exciplex) overlaps with 
the emission fi"om the pristine silole component. The lifetimes of the excited states are 
shown in Table 5.3. The emissive lifetimes in the blend films are more than an order of 
magnitude longer than those of the respective pristine polymer and pristine silole 
derivative (-0.5 ns and ~ 2 ns respectively). This solidifies the assignment of the broad, 
red-shifted emission band in polymer:silole blend films to exciplex emission. 
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Figure 5.1: Steady state photolurainescence spectra of blend films of TFB:silole (a), 
TFMO:silole (b), and TFB:F-silole (c). The spectra represent the pristine polymer (black 
line), pristine silole (black circles), 5 wt% silole films (dark gray circles), 20 wt % silole 
films (light gray crosses), and 50 wt% silole films (dashed line). The energy level alignment 
of polymer:silole films is shown in (d) to indicate the energy difference between the HOMO 
of the donor and LUMO of the acceptor (AE) which should correlate to the energy of 
exciplex emission. 
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Table 5.3: Photoluminescence lifetimes in pristine polymer films and polymer: silole blend 
films 
Silole Photoluminescence Lifetime (ns) 
Concentration TFBrSilole TFMOrSilole TFBiF-silole 
(wt%) 
0 0.5 0.6 0.5 
5 (2 for TFMO) (18,35 (19,77 0.9, 54 
9 (10 for TFMO) (19,38 (18,79 0.7, 56 
50 1.0, 43 L5,96 1.6, 131 
100 0.04, 2.7 0.04, 2.7 0.03, 2.0 
Due to the long lifetime of the excited states, we can assign the red sifted 
emission bands in Figure 5.1 to exciplex emission. It has been suggested in the literature 
[8] that the energy of exciplex emission can be determined from the energy difference 
(AE) between the HOMO of the donor and LUMO of the acceptor components in the 
blend films as shown in Figure 5.1 (d). The validity of this energy assignment will be 
discussed in section 5.5. 
T I M E RESOLVED PHOTOLUMINESCENCE SPECTROSCOPY; 
DELAYED EXCITON EMISSION 
Time resolved photoluminescence spectroscopy was used to examine delayed 
exciton emission in the donor-acceptor blend films studied in this work. Delayed 
emission in polymer-polymer blend films has been observed previously in blend films 
that exhibit exciplex emission [4, 14]. While many observations of delayed fluorescence 
in polymer samples has been shown to result from triplet-triplet annihilation, studies by 
Morteani et al (and the work in this chapter) suggest that this is not the case in certain 
blend films that show exciplex formation. In this films, delayed fluorescence seems to 
result from exciton recycling through the exciplex state [4,14]. In studies of exciplexes in 
donor-acceptor blend films and donor-acceptor bilayer films, the amount of delayed 
emission in the film was influenced by the temperature such that at low temperatures the 
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delayed emission was effectively frozen out and at high temperatures, the intensity of 
delayed emission increased [4], Therefore, the delayed emission of polymer excitons, or 
'exciton recycling,' is clearly an endothermic process. However, other factors which 
influence delayed emission have yet to be clearly determined. For instance, no studies 
have clearly shown how delayed emission is influenced by the composition of donor to 
acceptor in blend films. Therefore, in this study we chose to vary blend composition in 
order to observe changes in delayed emission. 
Figure 5.2 shows the photoluminescence spectra for all three blends integrated 
over a time period from ~60 to 170 ns after photoexcitation. In this time window, no 
direct emission from the polymer or silole components is expected (see Table 5.2). 
However, it is clear that some delayed emission from the polymer exciton is observed in 
all of the blend films. This is clear from the peaks at 435 nm in Figure 5.2 (a) and (c) and 
the peaks at 445 nm and 475 nm in Figure 5.2 (b) which are assigned to the maximum 
emission peaks of the TFB polymer and TFMO polymer respectively. The intensity of 
delayed emission in the blend films decreases as the amount of silole derivative increases 
in the blend. This suggests that there is a relationship between the morphology of the 
donor-acceptor blend film and the amount of delayed emission that is possible in the 
blend film. The influence of morphology on exciplex characteristics will be discussed in 
Section 5.6. But first, we will examine the influence of AE on exciplex emission energy. 
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Figure 5.2: The integrated photoluminescence spectra from approximately 60 to 180 ns for 
TFB:silole (a), TFMO:silole (b), and TFB:F-silole blend films. The different spectra 
represent low silole concentrations (black line) with 5 wt% for TFB blends and 2 wt % for 
TFMO blend, intermediate silole concentrations (dashed line) with 9 wt% silole for TFB 
films and 10 wt% for TFMO blend films, and 50 wt% silole blend films (open circles). 
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5.5 THE INFLUENCE OF ENERGY LEVEL ALIGNMENT ON 
EXCIPLEX EMISSION 
According to equation 5.1, the energy of exciplex emission should be given by 
Avr" (A&ca»e) = - 0.15 + 0.1 OeP". The value of AE = for each 
blend is given in column 1 of Table 5.4 in comparison with the observed emission 
energy, assuming that is equal to the energy difference between the HOMO 
of the donor and LUMO of the acceptor. The calculated AE values overestimate the 
observed exciplex emission energy when put into equation 5.1. For example, AE for 
TFMO:silole blends is 2.3 eV, which would make hvcxcipicx = 2.3 eV - 0.15 eV = 2.15 eV 
(577 nm). The observed exciplex emission is 530 nm (or 2.34 eV). Actually, for each 
blend film studied in this chapter, the calculated exciplex emission energy is 
overestimated by a uniform amount; approximately 0.2 eV. Since this offset is uniform, 
it is reasonable to assign 0.2 eV to the exciton binding energy of the exciton in both silole 
and F-silole. When this assumption is made, the calculated hvcxcipicx is revised to the 
value shown in column four of Table 5.4. These results correspond very well with the 
observed exciplex emission shown in column five. Thus, these results show that exciplex 
emission in donor-acceptor bulk heterojunction blend films is related to the energy 
difference between the HOMO of the donor and LUMO of the acceptor and can be 
described using equation 5.1. 
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Table 5.4: Relationship between energy level alignment and exciplex emission 
Blend Film 
AE 
HOMOD-LUMOA 
(eV) 
Assumed 
exciton 
binding 
energy 
(eV) 
Calculated exciplex 
emission 
hvexcipiex from eq. 5,1 
assuming 0.2 eV 
exciton binding 
energy 
Observed 
exciplex 
emission 
TFMO:Silole 2.3 0.2 528 nm 
(2.35eV) 
530 nm 
(-2.34 eV) 
TFB:Silole 2.4 0.2 506 nm 
(2.45eV) 
505 nm 
(-2.46 eV) 
TFB:F-silole 2.3 0.2 528 nm 
(2.35 eV) 
525 nm 
(-2.36 eV) 
5.6 THE INFLUENCE OF MORPHOLOGY ON EXCIPLEX 
FORMATION AND EXCIPLEX EMISSION 
The influence of morphology on exciplex formation in polymerisilole blend films 
was investigated in this work using two methods. First, films were cast from two 
different solvents to determine whether differences in the resulting morphology have an 
effect on exciplex formation, exciplex lifetime and charge separation. Second, blend 
films were subjected to annealing treatments in order to determine whether the resulting 
morphological changes influenced exciplex formation, exciplex lifetime and charge 
separation. These results are shown and discussed in sections 5.6.1 and 5.6.2. A 
schematic model discussing the influence of morphology on exciplex formation is shown 
in 5.6.3 and a kinetic model describing the relationship between the exciplex decay, 
delayed exciton fluorescence, and charge separation is presented in section 5.6.4. 
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SOLVENT VARIATION. MORPHOLOGY. A N D EXCIPLEX 
L I F E T I M E 
Blend films of TFMO:silole were cast from chlorobenzene (CB) and /»araxylene 
(PX) solutions to determine whether film morphology has an influence on exciplex 
formation. These solvents were chosen because they have very similar boiling points but 
differ according to their polarity. Therefore, due to the higher polarity parameter in 
chlorobenzene, films cast from CB should result in films that are mixed more intimately 
than films cast from PX. Some properties of these solvents are shown in Table 5.5. 
Table 5.5: Chemical structures of solvents and their physical properties 
Solvent Boiling point 
Dielectric 
constant 
Hansen's 
polarity 
parameter[15] 
/»flraxylene 
138° C 2.7 1.02 
chlorobenzene 132° (] 5.74 4.3 
In order to compare exciton formation probability, photoluminescence quenching 
studies were made of blend films cast from CB and PX solutions. These measurements 
showed that the emission from films spin-coated from CB is quenched by 98 % in 1:1 
TFMO:silole blends compared to pristine TFMO emission, while the PL from blend films 
made from PX is quenched by only 90%. This indicates that charge separation may be 
more efficient in films cast from CB, and conversely, charge recombination would then 
be more efficient in films cast from PX. 
Since variations of charge separation efficiency can be related to performance of 
organic electronic devices, light emitting diodes (LEDs) were fabricated from 
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TFMO:silole blend films cast from the aforementioned solvents. The resulting 
luminance/voltage curves are shown in Figure 5.3. Emission wavelengths in devices cast 
from CB and PX solvents are almost identical, as shown in the electroluminescence 
spectra in the inset to Figure 5.3. The emission of both devices is attributed solely to 
radiative decay of the exciplex state, with a maximum emission at 530 nm. However, 
the luminescent efficiency in the devices appears to be quite different. While devices 
made from both solvents emit approximately the same amount of light (cd/m^) at a given 
applied voltage, the device made using CB requires a significantly larger current to 
achieve the same amount of light emission as that made using PX. From the 
luminance/voltage characteristics, it appears that more charges must be injected into the 
blend films made using CB to achieve the same light emission as from the PX based 
device. Therefore, either the probability of exciplex formation in the blend films or the 
charge injection efficiency in the devices must be different to cause such a difference in 
LED performance. It is unlikely that injection efficiency would be significantly different 
since identical blend ratios and identical electrodes (Ca/Al and ITO/PEDOT:PSS) were 
used for LEDs made with films cast from both CB and PX. This indicates that 
differences in exciplex formation in the blend films must be responsible for the varied 
LED performance. 
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Figure 5.3: Current density and luminescence intensity for 1:1 TFMO:silole LEDs cast 
from chlorobenzene (circles) and p-xylene (triangles) as a function of applied voltage. 
While the maximum luminescence intensity is the same for both devices, the current density 
required to achieve the same brightness in devices made using chlorobenzene is larger than 
that required for devices made using p-xylene. 
In order to compare exciplex characteristics of the fihus prepared using different 
solvents, time resolved PL measurements were conducted. 
As shown in section 5.4.2, delayed emission of the polymer exciton is observed in 
TFMO:silole blend films at low silole concentrations. However, the amplitude of this 
delayed emission decreases when the silole concentiation increases in the blend films. In 
Figure 5.4, the spectra of the 1:1 TFMO:silole blend films were averaged from 60 - 170 
ns. The graphs are offset for clarity. The spectrum of the film made using PX shows 
emission features that are assigned to delayed emission from the singlet exciton of TFMO 
at 445 and 475 nm. No such delayed emission of TFMO singlet states is observed in 
films of the same ratio cast from CB solutions. Since delayed emission of the TFMO 
singlet state occurs long after direct TFMO emission is expected (0.6 ns), this suggests 
that recycling of the TFMO singlet exciton occurs through the interfacial exciplex state in 
films made using PX but not in films made using CB. 
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Figure 5.4: Spectrum of delayed photoluminescence intensity integrated over the period 
from 60-170ns. Emission peaks of the TFMO can be distinguished in the PX film spectrum 
(triangles) at 445 nm and 475 nm. This emission is absent in the film made from CB (solid 
line). The spectra are offset for clarity. 
In the chlorobenzene 1:1 TFMO:silole films, the lifetime of the exciplex, 
averaged over the exciplex emission wavelengths (500 to 600nm) from 60 to 500 ns was 
approximately 90 ns (± 5 ns). For the corresponding film cast from PX, the exciplex 
lifetime was only 65 ns (± 5ns). This finding indicates that while charge separation 
(estimated from PL quenching) is reduced as exciplex lifetime decreases, exciton 
regeneration consequently increases. 
Regeneration of the TFMO singlet exciton in the PX film was unexpected. 
TFMO is the electron donating material in this organic blend film and has an optical gap 
that is 0.2 eV larger than the silole material. Thermodynamically, back transfer from the 
exciplex state would be expected to occur to the lowest energy exciton in the system as 
has been suggested in the literature [4]. However, the emission from TFMO is clearly 
visible. This means that the exciton regeneration process may not be governed purely by 
thermodynamics. Instead, the morphology of the film may be involved in determining 
the exciton recycling pathways. For this reason, atomic force microscopy (AFM) 
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measurements were performed to compare the surface morphologies of the CB and PX 
1:1 TFMO:silole blend films. The results are shown in Figure 5.5. 
5.38 nm 14.98 nm 
SOOnm 
"• 0 nm 0 nm 
Figure 5.5: AFM images of 1:1 TFMO:siIoIe films on quartz substrates cast 
from solutions of (a) chlorobenzene (CB) and (b) p-xylene (PX). 
The surface morphology of films cast from CB and PX are clearly different. The PX 
film, Figure 5.5(b), shows circular aggregates on the surface of the film, suggesting phase 
separation of the components. The CB film, on the other hand, exhibits a more intimate 
mixing of the donor and acceptor materials. These results suggest that exciton recycling 
from the exciplex state in the bulk heterojunction blend films is influenced by changes in 
the morphology of the blend film. 
Table 5.6 summarizes the list of results for 1:1 TFMOisilole blend films cast from 
PX and CB. 
Film Property P-Xylene (PX) Film Chlorobenzene (CB) Film 
Charge separation 
(PL Quenching %) 
90% 98% 
LED performance -200 cd/m^, 250 mA/cm^ -200 cd/nf, 350 mA/cnr 
Exciplex PL lifetime 65 ns ± 5ns 90 ns ± 5ns 
TFMO regeneration YES NO 
Morphology Aggregate fonnation Smooth films 
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From this information, we can see some trends. They are shown schematically in 
Figure 5.6. Larger PL quenching (which indicates more efficient charge separation as 
evidenced by less efficient LED performance) correlates with increased exciplex lifetime. 
Also, increased charge separation can be correlated to cases where the surface 
morphology of the blend film is well mixed (such as for the case of films cast from CB). 
On the other hand, when charge separation is less efficient (in the case of more efficient 
LEDs and less significant PL quenching), the exciplex lifetime is shorter. Additionally, 
the surface morphology of films with less efficient charge separation shows aggregate 
formation. 
PL quenching Exciplex lifetime Morphology Delayed Emission 
higher 
PL quenching 
Longer exciplex Well mixed NO 
lifetime blend films 
lower 
Shorter exciplex 
lifetime 
Aggregates in 
surface 
YES 
Figure 5.6: Schematic of observations in blend films of TFMO:silole cast from CB and PX 
solutions. 
It should be noted that the generalizations shown in Figure 5.6 also fit with the 
observations made in section 5.3 concerning the exciplex lifetimes of polymer: silole 
blends with varying silole concentrations. The PL quenching in the donor-acceptor blend 
films studied in this chapter increases as acceptor is added to the film, indicating 
increased charge separation. Additionally, from Table 5.2, we see that the 
photoluminescence lifetime in the blend film increases steadily as the silole concentration 
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increases in all the blend films that were investigated. Finally, Figure 5.2 shows that 
delayed polymer exciton emission is observed consistently in blend films with low 
acceptor concentrations. This fits with the supposition that increased charge separation 
efficiency is correlated to increased exciplex emissive lifetime and the disappearance of 
delayed exciton emission in the blend films. While we have no evidence to suggest that 
morphological changes can also be linked to the observed behavior in blend films with 
varying silole concentrations, the literature shows clearly for several polymer-polymer 
and polymer-small molecule blend films [16] that varying the ratio of donor and acceptor 
in bulk heterojunction films significantly changes the morphology of the blend film. This 
supports the argument that varying the donor-acceptor concentration in blend films 
influences film morphology, and therefore, exciplex characteristics. 
Thus, for films cast from different solvents and for films that have varying 
concentrations of acceptor in the blend film: 
1) photoluminescence quenching increases as exciplex lifetime increases 
2) photoluminescence quenching increases for blend films which show less exciton 
recycling (delayed exciton emission), and 
3) photoluminescence quenching is larger when the donor and acceptor components in 
the blend film are more intimately mixed. 
•^.6.2 THE INFLUENCE OF ANNEALING ON FILM MORPHOLOGY. 
EXCIPLEX FORMATION. AND CHARGE SEPARATION 
Another common method that is used to vary film morphology of donor-acceptor 
blend films is annealing. Some polymerismall molecule blend films that result in the 
most efficient organic solar cell devices are annealed to achieve maximum performance 
[17]. These annealing treatments are believed to optimize the interfacial configuration of 
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the donor and acceptor components so that absorption and charge mobiUties are 
maximized [12]. It is not universally true that annealing improves device efficiency, but 
it is generally true that annealing promotes aggregation in donor-acceptor blend films. In 
this work, we annealed silole, silole:polystyrene (PS) blend films and silole:polymer 
blend films at 160° C for 2 hours in a nitrogen atmosphere to influence film morphology 
and determine the effect of morphological variation on exciplex formation and exciplex 
lifetime. 
Atomic force microscopy images are shown for the annealed and non-annealed 
samples of pristine F-silole and 1:1 F-silole:TFB blends in Figure 5.7. Both annealed 
films show phase segregation in the surface morphology, with flat, asymmetric islands 
forming on the surface of the film. 
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Figure 5.7: AFM images of (a) annealed F-silole, (b) non annealed F-silole, (c) annealed 1:1 
F-silole:TFB blend film and (d) non-annealed 1:1 F-silole:TFB blend film. 
Figure 5.8 shows AFM images of amiealed and non-annealed pristine silole films, 
silole:PS blend films, and silole:TFB blend films. The annealed films in Figure 5.8 show 
that large phases form in the surface morphology after annealing treatments. The 
aggregates in annealed pristine silole films form into structures that fan out like ice 
crystals on the surface (Figure 5.8 (a)). In amiealed blend films of silole:PS and 
silole:TFB, the aggregates form long, rod-like structures that self assemble into well 
ordered patterns on the substrate. 
181 
l.Oum 
r- 2 4 t i m w , . | r ^ 
t'^-. . ' - _L, 
Figure 5.8: AFM images of annealed pristine silole film (a), non annealed pristine silole film 
(b), annealed 1:3.4 silole:PS blend film (c) non-annealed 1:3.4 silole:PS blend film (d), 
annealed 1:1 silole:TFB blend film (e) and non-annealed 1:1 silole:TFB blend film. 
Figure 5.9 shows the normahzed steady state photoluminescence emission of 
pristine films of silole (a) and pristine films of F-silole (b) before and after annealing at 
160° C for 2 hours. 
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Figure 5.9: (a) Normalized photoluminescence spectra of annealed (open circles) and non-
annealed (line) pristine silole films. The peak absorption is the same before and after 
annealing for silole films, (b) Normalized photoluminescence emission for annealed (open 
circles) and non-annealed (line) pristine F-silole films. The peaks of the emission blue shifts 
to approximately 460 nm after annealing. 
Upon annealing, the peak emission of the pristine silole film is unchanged and remains at 
approximately 500 nm (Figure 5.9 (a)). The peak emission of the F-silole film shifts 
slightly to the blue from approximately 500 nm to 460 nm after annealing (Figure 5.9 
(b)). 
The steady state photoluminescence spectra of the 1:1 TFB: silole and 1:1 TFB:F-
silole blend films before and after annealing are shown in Figure 5.10. For both films, 
there is a blue shift in the emission after annealing and a significant increase in 
photoluminescence intensity. Interestingly, the shifted peaks in the emission spectrum 
for the annealed TFB:silole blend (Figure 5.10 (a)), correspond to the emission peaks of 
the TFB exciton (at 435 nm and 460 nm). The emission spectmm of the annealed 
TFB:F-silole blend has a peak at 460 nm which is the same as the emission peak of the 
annealed F-silole. 
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Figure 5.10: Normalized steady state PL spectra of as-cast (open circles) and annealed 
(solid lines) films of 1:1 TFB:silole (a) and TFB:F-silole films (b) respectively. There is a 
clear blue shift in the PL spectra upon annealing. The blue shift in the emission of 
TFB:silole seems to correspond to emission peaks of TFB (435 and 460 nm). In addition to 
a blue shift, there is an increase in photoluminescence intensity in the annealed films (solid 
lines) of TFB:silole (c) and TFB:F-silole (d). 
It has been suggested by Ren et al. that aggregation effects in silole derivatives 
result in significant increases in emission intensity[18, 19]. This is believed to be due to 
the deactivation of nonradiative decay by restricted intramolecular vibrational and 
torsional motions. Since we find a correlation between silole aggregation and 
photoluminescence intensity, our results correspond well Ren et al. Thus, the increases 
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photoluminescence intensity may be assigned to deactivation of the nonradiative decays 
in silole films due to structural confinement of silole which restricts is rotational and 
torsional motion. Also, the increase of PL could be due to the loss of interfacial area 
between the donor and acceptor components. As the silole aggregates after armealing, 
less interface exists to enable PL quenching which may lead to increased emission from 
the blend film. 
The blue-shift in the emission of the annealed F-silole film with respect to the 
non-annealed F-silole film may occur as a result of increased molecular order in the film. 
A similar blue shifted emission as a result of increased molecular order is also observed 
by Ren et al (in their comparative studies of solutions and films of silole derivatives) [18]. 
It is not clear why the blue-shift in emission is observed for the F-silole film after 
annealing and not for the annealed silole film. In any case, it is necessary to determine if 
the emission ft-om the F-silole component is the dominant emissive species in TFB:F-
silole films, since the blue shift in the annealed TFB: F-silole blend film results in a peak 
emission at the same wavelength as the annealed F-silole film. 
To adequately compare the peaks in the spectra of the annealed films, the 
normalized photoluminescence spectra of the annealed TFB:F-silole film, the non-
annealed TFB:F-silole film, and the annealed F-silole film are compared in Figure 5.11. 
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Figure 5.11: Normalized steady state PL spectra of as-cast (open circles) and annealed (thin 
solid line) films of 1:1 TFB:F-silole films and the annealed pristine F-silole film (thick black 
line). The annealed 1:1 TFB:F-silole film shows slight contribution from the TFB exciton 
(435 nm) and the exciplex (530 nm) from the broadening of the spectrum. However, the 
peak emission seems to be at 460 nm from the F-silole component. 
As seen in Figure 5.11, the peak emission of the annealed TFB:F-silole blend film and 
the annealed pristine F-silole film are approximately equal. These findings could indicate 
two possible alternatives: 1) Exciplex formation is completely absent in F-silole:TFB 
blends after annealing and the maximum emission peak at 460 nm is solely due to the F-
silole components, or 2) Exciplex emission still occurs in the TFB:F-silole blend film and 
the blue shifted steady state emission is due to a combination of emission from the F-
silole components and delayed emission from the recycled TFB exciton. By comparing 
all three spectra in Figure 5.11, it seems that there is at least small contribution from the 
exciplex emission in the TFB:F-silole blend film since the spectrum has a broad tail that 
extends far into the red portion of the visible spectrum. However, to be sure that this 
broad tail is actually due to exciplex emission, the lifetime of the excited states in the 
annealed and non-annealed films were studied. These results are shown in Table 5.7. 
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Table 5.7: Excited state lifetimes in annealed and non-annealed blend films 
As Cast films Annealed at 160° C for 
2 hours 
(l:l)Silole:TFB Ti = 1.0 ns 12 = 43 ns Ti = 0.3 ns T2 = 5.0 ns 
(l:l)F-silole;TFB Ti = 2.0 ns 12 = 120 ns Ti = 0.3 ns i2 = 19 ns 
(l;3.4LSilole:PS Ti = 0.04 ns T2 = 2.7 ns Ti = 0.04 ns T2 = 2.4 ns 
(1:3.4) F-silole:PS Ti = 0.03 ns T2 = 2.0 ns Ti = 0.043ns T2 = 2.1 ns 
F-silole (CB) Ti = 0.04 ns T2 = 1.3 ns Ti = 0.04 ns T2 = 1.0 ns 
Table 5.7 shows two important findings. First, the emissive lifetime of the F-
silole film is basically unchanged after annealing treatments. This means that despite 
morphological changes, no excimer states are formed in F-silole films that would result in 
elongated fluorescence lifetimes. Secondly, the lifetime of the annealed F-silole:TFB 
film is significantly longer than that of the annealed pristine F-silole film. This indicates 
that exciplex formation is still occurring in the TFB:F-silole blend, but after annealing, it 
is no longer the dominant emissive pathway as it had been in the non-annealed film. This 
holds true for both TFB:silole and TFB:F-silole blend films: the lifetime of emissive 
excited states is reduced significantly after annealing and indicates a reduced yield of 
exciplex formation in the blend film. This can be understood by considering the 
morphology of the blend film. As phase segregation occurs in the film, there will be less 
interfacial area shared between the donor and acceptor components in the blend film. 
This means fewer exciplexes will be formed at the interface, less emission from the 
exciplex will be observed in the fluorescence spectrum, and the emission from the 
individual components of the blend film will become dominant in the film. 
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DISCUSSION: A SCHEMATIC MODEL DESCRIBING THE 
INFLUENCE OF MORPHOLOGY ON EXCIPLEX FORMATION. 
EXCIPLEX LIFETIME. AND CHARGE SEPARATION 
Since it is clear that many factors are affected when the moiphology of the blend 
films is altered (either by film fabrication or by annealing treatments), we can discuss the 
influence of morphology on the exciplex state and how the exciplex may influence 
charge separation. Figure 5.12 will be used to describe the effect of moiphology on; 
1) Photo luminescence Quenching 
2) Exciton recycling (Delayed polymer fluorescence) 
3) Exciplex lifetime 
4) LED performance 
Exciplexfj^j 
PyPySPyPy 
TFMO TFMO 
(b) 
^ 0 
PyPySPyPy 
0 ' 
Exciplex,„ ™ 
Figure 5.12: Schematic representation of the morphologies of (a) blend films with large 
phase segregation and (b) blend films with well mixed donor-acceptor components. The 
increased exciton recycling observed in (a) could be due to the larger distance between silole 
domains which allows a continuous range of polymer in which the exciton regeneration and 
TFB emission can occur. The intimate mixing and small domain sizes in (b) create more 
near-by interfaces for exciplexes to reform. The morphology in (b) would lead to long 
exciplex lifetimes and less delayed emission from the polymer because there are fewer 
connected polymer domains to support exciton regeneration. 
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5.6.3.1 Photoluminescence Quenching 
First, the amount of observed PL quenching can be explained by the morphology 
of the film, which is depicted schematically in Figure 5.12. Well mixed blend films 
depicted in Figure 5.12(b) have a larger interfacial area between donors and acceptors at 
which charge separation can occur. This is not a new concept and has been shown for 
several polymer: small molecule blend films used for organic solar cell applications [16]. 
In this work, the photoluminescence quenching is more significant for films cast from CB 
than for films cast from PX. This corresponds with observed variations in the surface 
morphology of the blend films which show that films cast from CB are more intimately 
mixed than films cast from PX. 
5.6.3.2 Exciton recycling (Delayed polymer fluorescence) 
The observation of polymer exciton recycling (delayed fluorescence), can also be 
explained by the morphology of the film depicted schematically in Figure 5.12. 
Films with a more phase segregated morphology (ie films cast from PX), and also films 
with small concentrations of silole derivative in the blend, tend to show evidence of 
exciton recycling observed as delayed polymer fluorescence. Since these films have a 
non-uniform dispersion of acceptor in the donor matrix, it can be argued that the 
relatively large distance between domains in these phase segregated films is larger than 
the distance which the exciton can diffuse. Therefore, exciplex states that do not decay 
radiatively at the interface between the donor and acceptor have a greater chance of being 
recycled back to polymer excitons that will emit within the polymer matrix (see Figure 
5.12(a)). Films with smooth, well mixed morphologies, on the other hand, result in blend 
films with very well dispersed donor and acceptor components, and the silole domains 
are expected to be smaller and more numerous (Figure 5.12(b)). Therefore, when 
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exciplexes in these films transfer from an interface, instead of having a great likelihood 
of forming polymer excitons, they are more likely to (1) dissociate and form separated 
charges or (2) become 'trapped' at a neighboring interface to reform an interfacial 
exciplex. It is for this reason that delayed polymer fluorescence is not observed rn 1:1 
polymer:silole films cast fi-om CB or in polymer:silole films cast from CB when the 
concentration of the silole in the film increases. 
5.6.3.3 Exciplex lifetime 
As discussed above, in well mixed polymer: silole films, exciplexes that transfer 
from one interface have a great likelihood of being retrapped into another exciplex state 
at a neighboring interface since domains are located in close proximity to one another 
(see Figure 5.12(b)). This could also be a cause for the elongated exciplex lifetime that is 
observed in well mixed blend films (such as 1:1 polymer: silole films cast from 
chlorobenzene or the non-annealed films). Since the distance between nearby interfaces 
is relatively small in films that are well mixed, exciplexes are continually retrapped at 
neighboring interfaces in these films. Therefore, the observed lifetime of exciplex 
emission is longer than that in films that exhibit phase segregation in their surface 
morphology. This hypothesis is consistent with the exciplex lifetimes of the films with 
increasing silole concentration (Table 5.3). For films with low silole concentrations, the 
exciplex lifetime is shorter than for films with higher silole concentrations. The distance 
between donor-acceptor interfaces would clearly be larger in films with low silole 
concentrations. Thus, at low silole concentration, there is very little exciplex retrapping 
at nearby interfaces and shorter exciplex lifetime. Conversely, at high silole 
concentration, exciplexes are continually retrapped at neighboring interfaces and result in 
long observed exciplex lifetimes. 
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5.6.3.4 Light emitting diode (LED) performance 
The comparatively more efficient LED performance in films cast from PX (Figure 
5.3) can also be understood in terms of the morphology schematic shown in Figure 5.12. 
If exciplex states in PX films either emit or are regenerated into excitonic species, they 
allow for injected charges to recombine in 'vacated' interfacial exciplex states in the film. 
The exciplex states in CB films are often refilled by previous exciplex species, and 
therefore, LEDs made from these films require a larger amount of injected charges to 
achieve the same amount of light emission. Therefore, the morphology of the film 
influences the recombination efficiency for LEDs due to the importance of donor-
acceptor interfacial area to recombination and also to charge separation. 
^.6.^ A KINETIC MODEL DESCRIBING THE INFLUENCE OF 
MORPHOLOGY ON EXCIPLEX FORMATION. EXCITON RECYCLING. 
AND CHARGE SEPARATION 
While the discussion in section 5.6.3 provides a pictorial description of the 
physical mechanisms involved in exciton recycling and exciplex retrapping, our 
discussion is given more validity by examining a simple rate model of donor-acceptor 
systems which exhibit exciplex formation. Figure 5.13 shows a schematic of the transfer 
processes that occur in blend films in this chapter. 
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Figure 5.13: Kinetic relationships between excitons and exciplexes in polymer:silole blend 
films. 
From Figure 5.13, the equations 5.2-5.5 can be written to describe the kinetic 
relationships between excited states: 
—— = - D{kjj + (5.2) 
at 
~ = - A{k^  + (5.3) 
at 
~ r - ~ + ^EA + ^ED + 4) 
at 
^ = Elc, , -BC'-Ck,„, (5.5) 
dt 
where 
D, A, and E are the populations of the donor, acceptor, and exciplex states respectively 
kfiD (kfiA) are the rates of transfer from the exciplex to the donor (acceptor) 
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koE (kAE) are the rates of transfer from the donor (acceptor) to the exciplex 
kA,D,E are the rates of radiative decay of the donor, acceptor, and exciplex respectively 
kcs is the rate of charge separation through the exciplex state 
C is the density of charges in the blend and B is the bimolecular recombination constant 
Using this simple numerical model, we find that the rate at which the excited 
donor and/or acceptor are trapped into an exciplex state has very little influence on the 
rate of exciplex decay. However, as the rate of exciton recycling (kEo) increases, the 
exciplex emissive decay becomes much faster. This indicates that the pathway for 
exciton recycling is critical in determining the emissive exciplex lifetime, as we justified 
earlier by discussing the morphological differences between PX films (where exciton 
recycling occurred) and CB films (where there is no evidence of exciton recycling). 
We now address the remaining question: Why does the exciton recycling occur to 
the polymer exciton rather than to the silole? The exciton recycling may occur to the 
polymer rather than to the silole due to differences in exciton diffusion lengths in 
polymers versus small molecules. In polymers, excitons have freedom to diffuse along 
the chain of the polymer. For this reason, it may be favorable for exciplexes to be 
recycled to polymer excitons rather than silole excitons, despite the larger band gap of 
polymer versus silole. 
Therefore, we show from both a morphological discussion and a kinetic model 
that the exciton recycling event is a critical parameter which influences exciplex PL 
lifetimes and LED device performance. The amount of exciton recycling is determined 
by the morphology of the film, is enhanced when there is more significant phase 
segregation, and is reduced when blend films are smooth. 
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5.7 CONCLUSIONS 
In this chapter, we show that exciplex formation occurs in the blend films of 
polyfluorene triarylamine polymers and silole derivatives. The energy of exciplex 
emission can be predicted by the energy difference between the HOMO of the donor and 
the LUMO of the acceptor. Delayed emission from the polymer exciton is observed in all 
blend films. This delayed emission is assigned to an exciton recycling process that 
occurs through the interfacial exciplex state. Exciton recycling and exciplex lifetime are 
sensitive to the morphology of the blend. By studying blend films cast from various 
solvents and blend films that were subjected to annealing treatments, we found that 
photoluminescence quenching, as well as exciplex lifetime, increase in films that are well 
mixed. Films that form aggregates, on the other hand, result in less efficient charge 
separation and have shorter exciplex photoluminescent lifetimes. A more detailed 
understanding of exciplex states is necessary to maximize charge separation efficiency 
and determine how exciplexes can be manipulated by alterations to film morphology. By 
fully understanding exciplex formation and exciplex characteristics, a more complete 
model of charge separation in donor-acceptor blend films may be developed that will lead 
to enhancements in the photocurrent generation for organic solar cells. 
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Chapter 6 
Charge separation in organic donor-acceptor bulk 
heterojunction blend films: Conclusions and future 
work 
In this thesis, charge separation in organic donor-acceptor blend films for solar 
cell applications has been investigated using several spectroscopic techniques. After 
comparing these spectroscopic studies with device characteristics and film 
morphology, the following conclusions can be drawn and suggestions are made for 
future work in this area. 
6.1 CONCLUSIONS 
1) Charge separation is a multi-step process involving several competitive 
pathways instead of a single step exciton dissociation event between the 
neutral acceptor and excited donor as has been suggested in the past. 
2) An 'intermediate' charge transfer complex (CTC) (or a bound radical pair 
state) is formed in some polymer:PCBM blend films (Chapter 3) and the 
energy of this state is related to the HOMO of the donor and LUMO of the 
acceptor. This state absorbs and emits at wavelengths that are red shifted with 
respect to the emission if the individual donor and acceptor components in the 
film. 
3) Non-additive, ground state absorption was observed for a polyfiuorene:PCBM 
blend film that exhibits efficient charge generation in solar cell devices 
(Chapter 3). This ground state absorption is attributed to an intermediate 
charge transfer complex (or a bound radical pair state) formed between donor 
and acceptor that is radiatively active. Since the formation of this intermediate 
charge transfer state is correlated to efficient charge separation in organic solar 
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cells, this may indicate that such a state is involved in the charge separation 
events in polymer:fullerene blend films. 
4) The energy of the charge separated state formed in donor-acceptor blend films 
is determined by the energy difference between the HOMO of the donor and 
LUMO of the acceptor (Chapter 4). If the charge separated state is higher in 
energy than the triplet state of the PCBM, formation of the PCBM triplet state 
is energetically favourable. Thus, when a series of polyfluorene polymers are 
studied in blends with PCBM, the appearance of the PCBM triplet state is 
correlated to the ionization potential of the polymer, which determines the 
energy of the charge separated state. Therefore; 
a. If |Ip| > 5.5 eV, the PCBM triplet state is formed in the blend. 
b. If |Ip| <5.2 eV, no PCBM triplet formation is observed. 
c. If 5.2 < |Ip| < 5.5 eV, PCBM triplet formation and charge generation is 
observed. 
5) The presence of electrodes on the samples in transient absorption spectroscopy 
(TAS) measurements results in an increased magnitude of the transient 
absorption signal in polymer:PCBM blend films (Chapter 4). This increased 
absorption could be due to increased polaron generation which is caused by 
the built-in electric field in the device or it could be due to optical interference 
in the device. Optical modelling shows that optical interference effects may 
be sufficient to explain the increase in the signal for MDMO-PPV:PCBM 
blend films and for TFMOiPCBM blend films. 
6) Exciplex states are formed in blend films of polyfiuorenes and silole 
derivatives (Chapter 5). Exciplex states are recognized by their red shifted 
emission with respect to the donor and acceptor components and by their long 
198 
radiative lifetimes. The energy of exciplex emission is related to the energy 
difference between the HOMO of the donor and LUMO of the acceptor. 
7) Morphology influences charge separation, light emitting device (LED) 
performance, exciton recycling, and exciplex lifetimes in blend films of 
polymers and silole derivatives (Chapter 5). Therefore, manipulation of the 
blend film morphology is critical in order to influence exciplex formation and 
exciplex characteristics. 
8) The energy of the intermediate charge transfer state (CTC) (Chapter 3) and the 
energy of the intermediate exciplex state (Chapter 5) are both shown to be 
related to the energy difference between the HOMO of the donor and LUMO 
of the acceptor in organic blend films. This indicates that there may be some 
way to unify the concepts of exciplexes and CTCs as they relate to charge 
separation in organic donor-acceptor blend films. By unifying these concepts, 
a more complete understanding of charge separation in blend films will be 
possible. 
6.2 SUGGESTIONS FOR FUTURE WORK 
Just a few years ago, it was believed that there was no ground state interaction 
between donor and acceptor components in organic blend films. Instead, it was 
thought that the absorption spectrum of blend films was simply a superposifion of the 
blend film components. This belief was challenged in this work and in work by Goris 
et al. [1-3] with the observation of low energy, non-additive absorption in blend films 
of organic donors and acceptors. For a more complete understanding of charge 
separation in donor-acceptor blend films, further study of this low energy, 
intermediate, charge transfer state, and other intermediate states with charge transfer 
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character (ie. exciplexes), is necessary. Some recommended future studies in this area 
are suggested below. 
1) First, it is necessary to clearly define and detail the characteristic 
differences between charge transfer complexes and exciplexes in order to 
understand their significance (if any) to charge separation in donor-
acceptor blend films. 
By simply comparing the oscillator strength of the exciplexes and charge transfer 
complexes in this study, it seems that one main difference in these states, and the 
main reason for how they may influence charge separation efficiency, is the radiative 
stabilization of the state. The 'exciplex' is very stable in the excited state due to 
charge transfer interactions. If the mechanism for this stabilization (wave function 
overlap, chemical structure, film morphology) was clearly understood, it may open 
doors to a more complete description of charge separation in donor-acceptor blend 
films. Additionally, it is necessary to determine if there is a ground state absorption 
feature that is coupled to exciplex emission, and if so, it is important to determine 
what the observation of a ground state absorption component indicates about charge 
separation processes in organic donor-acceptor blend films. It has been shown in the 
literature that non-additive ground state absorption is observed for at least one donor-
acceptor material combination that also exhibits 'exciplex' emission [4], but the 
universality of this observation has yet to be carefully studied. 
In addition to the study of exciplex states, the reason for the relative instability of 
the 'charge transfer complex' in the ground and excited state needs to be more 
completely understood, as well as this states' dependence on temperature and applied 
electric field. Temperature dependent spectroscopic studies, such as transient 
absorption spectroscopy and time resolved photoluminescence spectroscopy are 
recommended to achieve this goal. 
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By carefully studying the electronic properties of exciplex states and charge 
transfer complexes formed polymer:PCBM blend films and other donor-acceptor 
blend films, a more complete picture of charge separation processes in organic blend 
films used for solar cells applications may be developed. 
2) If the formation of intermediate bound radical pair states is found to be a 
universal effect in donor-acceptor blend films, then implications must be 
drawn to explain this state's influence on the development of organic 
donor-acceptor blend films for solar cell applications. 
If the formation of an intermediate state influences charge separation efficiency in 
organic blend films, and if the energy of this intermediate state is related to the 
H O M O of the donor and L U M O of the acceptor, then there are clear implications for 
the performance of organic solar cells. It has been shown that the open circuit voltage 
of organic solar cells scales linearly with the energy difference between the H O M O of 
the donor and L U M O of the acceptor[5]. Thus, by maximizing the energy difference 
between the H O M O of the donor and L U M O of the acceptor, one would be able to 
maximize the open circuit voltage of the organic solar cell device. However, if the 
requirements for efficient charge separation in the organic solar cell device impose a 
limit on the energy difference between the H O M O d and L U M O a , then this will limit 
the maximum achievable open circuit voltage in solar cell devices. 
Additionally, by more completely understanding the characteristics of this 
intermediate state, we may be able to manipulate its features to maximize device 
performance. For instance, if the intermediate state can be manipulated by altering 
the morphology of the blend film, charge separation may be able to be maximized in 
the device which may lead to current maximization in the solar cell. 
The aforementioned topics are important and need to be clearly understood for the 
development of organic solar cells. It is recommended that other systematic studies of 
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donor-acceptor films (such as thiophenes with PCBM, etc) should be conducted to 
better understand the trends in devices performance that are linked to energy level 
alignment in materials and to characterize the resulting intermediate states formed in 
donor-acceptor blend films. 
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